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The prosthetic group of phycoerythrin of marine alga was studied pre- 
viously by Kitasato (/) and Lemberg (2, 3, 4), and has been called 
* Phycoerythrobilin ” since it resembles “ Mesobilirhodin” (4, 5), a kind of 
bile pigment. 

It has also been shown that the prosthetic group is firmly bound to 
the protein moiety and the linkage is not splitted from the protein part 
under the usual condition of acidic or enzymic hydrolysis. The prosthetic 
group has however, not yet been isolated in a pure form (3, 4). 

The author (6) previously obtained the chromopeptides from the peptic 
hydrolysate of crystalline phycoerythrin of Porphyra tenera. Thus chromo- 
peptides in the hydrolysate were extracted with amyl alcohol and purified 
by column chromatography on Amberlite IRC-50. Sixteen large chromo- 
peptides were isolated by this method. The main component “ C,-Peptide ” 
was composed of about forty amino acid residues and possessed phenylalanine 
as the N-terminal. 

In the present investigation, phycoerythrin was further hydrolyzed with 
other protease (trypsin, bacterial proteinase—proteinase of Bacillus subtilis 
N’, and Streptomyces griseus proteinase) in an attempt to obtain the core 
chromopeptide. In addition, some properties of chromopeptides will be 
described. 


EXPERIMENTALS 


Materials—The crystalline phycoerythrin used in these experiments was prepared as 
described previously (7) from the air-dried Japanese Nori, Porphyra tenera. The pepsin 
and trypsin used were twice crystallized commercial Worthington samples. The crystalline 
streptomyces griseus proteinase used was supplied by the Scientific Research Institute, Ltd. 
Tokyo Japan. The crystalline proteinase of Bacillus subtilis N’ (8) used was kindly supplied 
from the Okunuki’s Laboratory, Faculty of Science, Osaka University. 

Hydrolysis of C,-peptide by Trypsin and Proteinase of Bacillus subtilis N’—The both hydro- 
lyses were carried out for 24 hours at pH 7.0 and at 30°. The ratio of enzyme to sub- 
strate used was 1:30 for trypsin and 1:40 for bacterial proteinase. The enzymic hydro- 
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lysates were acidified and chromopeptide fractions were extracted with butanol. The 
extracts after removing the butanol, were separated on starch column using phosphate 
buffer at 7.0 as eluent. 

Hydrolysis of Phycoerythrin with Pepsin and Streptomyces griseus Proteinase—In this experiment 
with S. griseus proteinase, a mixture of chromopeptides in the peptic hydrolysis of phy- 
coerythrin was futher hydrolyzed without any purification. Five grams of phycoerythrin 
were digested with pepsin as in the previous reports (6). To the amyl alcohol extract 
from the acidic hydrolysate, seven volumes of petroleum ether were added and the mixture 
was allowed to stand overnight. The upper and lower phases were separately dried in 
vacuo below 40° in a current of carbon dioxide. The residue of the upper phase was 
dissolved in methyl alcohol, the insoluble materials were removed by centrifugation and 
the supernatant was dried. The residue of the lower phase—amyl] alcohol layer—was 
dissolved in M/10 phosphate buffer pH 7.5. To the solution 160mg. ofS. griseus pro- 
teinase was added and the mixture was stood at 30°, for 24 hours. After the digestion, 
the solution was brought to pH 1 with hydrochloric acid, and violet colored chromopep- 
tides were extracted with amyl alcohol. To the extract seven volumes of petroleum ether 
were added and the mixture was allowed to stand overnight. The upper and lower 
phases were separately dried as described above. The upper phase (petroleum ether-amyl 
alcohol layer II) is purple and the lower phase is violet. 


Amino Acid Analysis of Chromopeptides 


Hydrolysis of Chromopeptides—Chromopeptide fractions were hydrolyzed in a sealed tube 
with 5.7. N HCl at 105-110° for 24 or 36 hours. The hydrolysate was concentrated to 
dryness in vacuo to remove hydrochloric acid. 

Qualitative Analysis—Hydrolysates were separated by two-dimensional paper chromato- 
graphy using n-butanol-acetic acid-water (4: 1:1 v/v) as the solvent for the first dimen- 
tion, and 80 per cent phenol-NH, or n-butanol-methylethylketone-water-17 N ammonia 
(5:3:1:1 v/v) for the second dimension. The spots on paper chromatograms were located 
by spraying with ninhydrin (23, 24). 

Quantitative Analysis—For the quantitative determination of amino acids, Moore and 
Stein method (9) or paper chromatography of dinitrophenyl (DNP) amino acid (10, JJ) 
were used. Cystine was determined by the hydrazinolysis according to Akabori and 
Fujiwara (12). The leucine and isoleucine in P-12a peptide were determined by 
bioassay in addition to DNP method (J0, 71). 


Identification of Terminal Groups 


N-terminal Group of Chromopeptides—Chromopeptides were dinitrophenylated and hydro- 
lyzed by Sanger method and determined spectrophotometrically, after the paper chro- 
matographic separation (10, 11). 

C-terminal Group of Chromopeptides—C-terminal amino acid was determined by hydrazi- 
nolysis according to Akabori et al. (15). 


RESULTS 


Hydrolysis of C-peptide by Trypsin and by B. subtilis N' Proteinase—Since 
the C,-peptide obtained from phycoerythrin with pepsin was a rather large 
molecule (6), it was further hydrolyzed by trypsin and by B, subtilis N’ 
proteinase. 

After the enzymic hydrolysis, the extracts with n-butanol were separated 
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on starch columns as described above. Eight colored zones were obtained 
from the tryptic digest, and six zones from the B. subtilis N’ proteinase 
digest. These zones were red, violet, yellow, brown and green in color, as 
shown in Fig. 1. 
B. Subtilis N’ 

proteinase 
A violet 


ae 
B yellow : W 


B yellow 


NSSS C brown 
C’green 


YC violet 
Q@F red 


D yellow 
E red 


Fic. 1. Chromatogram of chromopeptides 
derived from C,-peptide with trypsin and with 
B. subtilis N' proteinase. 

Chromatography was carried out on a 2.0 
40 cm. column of starch. 0.1 M phosphate buffer 
at pH 7.0 was used as the eluent. 


These chromopeptides were all soluble in water except for tryptic-A, -B 
and -C’, B. subtilis N’ proteolytic-A and C peptides. These water insoluble 
peptides were soluble in alcohol. Tryptic-C’ was prepared to extract from 
the zone of tryptic-C with alcohol after the extraction with water. 

On the hydrolysis (5.7 N HCl at 105-110°, for 24 hours), these chromo- 
peptides produced eight amino acids, 7.¢., aspartic and glutamic acids, glycine, 
alanine, valine, leucine and isoleucine commonly, which were identified by 
paper chromatography (Table 1). The results of the quantitative determina- 
tion of amino acid constituents as the dinitrophenyl amino acid (10, JJ) 
indicated that tryptic-A contained 19 amino acid residues; (Asp and Glu)s, 
Serz, Gly2, Ala,, Valz, (Leu and Ileu);, Phe; and Lys, tryptic-C had 14 amino 
acid residues; (Asp and Glu);, Ser2, Gly,, Ala,, Val,, (Leu and Ileu);, Phe, 
and Lys,, and B. subtilis N’ proteolytic-C’ had ten amino acid residues ; 
(Asp and Glu)s, Ser;, Gly:, Ala, (Leu and Ileu),, Phe, and Lys, No N- 
terminal amino acid could be detected by Sanger’s method in the peptides, 
tryptic-A, C and C’, and B. subtilis N’ proteolytic-C and C’. 

Further Hydrolysis of the Tryptic-A Peptide—The tryptic-A peptide obtained 
above, was subjected to the partial hydrolysis with concentrated hydrochloric 
acid at 37° for 48 hours and chromopeptide fragment was extracted from 
a weakly acid solution with amyl alcohol. In this case a part of the chromo- 
peptide fragment was remained in the acid layer. The chromopeptide in 
the amy] alcohol-extract was dinitrophenylated and the product was extracted 
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with ethylacetate from the acidic solution. One DNP-peptide was thus 
transferred to the ethylacetate layer, while another remained in the aqueous 
layer. The former peptide migrated as a single spot during paper electro- 
phoresis with pyridine-acetic acid at pH 6.0, and two dimentional paper 
chromatography with butanol-NH; and phosphate buffer, pH 6.5 as the 
solvents (10). It was composed of Asp, Glu, Ser, Gly, Ala, Val, Leu and 
Ileu, No N-terminal amino acid could be detected, too. 

Hydrolysis of Phycoerythrin with Pepsin and with Streptomyces griseus Proteinase— 
In this experiment with S. griseus proteinase, a mixture of chromopeptides 
in the peptic hydrolysate of phycoerythrin were rehydrolyzed without any 
purification. 

After the rehydrolysis, two chromopeptide fractions were obtained from 
petroleum ether-amyl alcohol II (purple) and from amyl alcohol layer 
(violet) as shown in Scheme I. ‘The latter was chromatographed on 
Amberlite IRC-50 as described previously (6). A purple coloured chromo- 
peptide fraction-A was eluted as a main component with methylethylketone- 
acetone-M/100 HCl (15:15:70) (Fig. 2). The main peak A was dissolved 
with 0.1 N HCl and the acid solution was extracted with amyl alcohol. A 
violet colored peptide fraction-B and blue colored peptide fraction-C. were 
obtained from the amyl alcohol and from acid layers, respectively. 
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EFFLUENT 

Fic. 2, Rechromatography of the digestion- 
product by Streptomyces griseus proteinase. 

Chromatography was carried out on a 1.5X 
60cm. column of Amberlite IRCs50. The effluent 
was collected in 260 tubes, each receiving 2.0 ml. 
The solvent systems used were as follows; 
1.—Methylethylketone-acetone-water (15:15:70) 
2.— “5 », 0.1M acetic acid (15:15:70) 
3.— rr », 20.0144 HCl (15:15:70) 


Countercurrent Distribution of Peptide Fraction-C—Peptide fraction-C was 
examined by the countercurrent distribution with the use of z-butanol-5 
per cent acetic acid as the solvent system. Three peptides, i.e., peptide-D 
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(blue), E (green), F (violet) were obtained as shown in Fig. 3-a. Peptide-D 
was hydrophilic, while E and F were rather hydrophobic and unstable. 

The chromopeptides-B, D, E and F obtained from the amyl alcohol 
layer were hygroscopic and were soluble in alcohol and acid but insoluble 
in chloroform, benzene, ether or petroleum ether. 


0.6 
E580 
0.4 


10 2060 50 40 3026 
TRANSFER NUMBER 
Fic. 3. Countercurrent distribution of pep- 
tide-C and P-il. 
a—Distribution patterns for peptide fraction-C. 
The solvent system was n-butanol-5% acetic acid. 
b—Distribution patterns for P-11. The solvent 
system was benzene petroleum ether (30 : 45)-40% 
acetic acid. 
The concentrations plotted, correspond either 
to the upper phase solution in cells 0-26 after 40 
transfers (Fig. 3a) and 0-26 after 60 transfers 
(Fig. 3b). 


Purification of Pigments Obtained from the Petroleum Ether-Amyl Alcohol Layer— 
The dried residue of the petroleum ether-amyl alcohol layer I derived from 
peptic hydrolysate (Scheme I.) was dissolved in benzene and the insoluble 
fraction removed by centrifugation. The benzene soluble fraction was. 
fractionated by the countercurrent distribution technique with benzene- 
petroleum ether (35: 40)—40 per cent acetic acid as shown in Fig. 3-b. The 
chromopeptides obtained, ze, P-lla (blue) and P-Ilb (violet) were crystal- 
lized from benzene-petroleum ether. The benzene insoluble fraction was 
extracted with chloroform. The chloroform soluble P-12b and _ insoluble 
P-12a were thus obtained. These chromopeptides were insoluble in water, 
dilute acid and petroleum ether, but readily soluble in acetone chloroform 
and alcohols, especially in methyl and ethyl alcohol. 

Absorption Spectra of Chromopeptides—The absorption spectra of the chromo- 
peptides obtained by the various methods are summarized in Table I and 
Fig. 4. The absorption maxima of the chromopeptides were all at 490-500 
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my and 550-610 my, except for that of peptide-E with maxima at 558 and 
598 mp. There are two types of chromopeptides which possessed different 
absorption spectra from each other, thus B, D and P-1l2a had maxima 


OPTICAL DENSITY 


foo 500 600 400 600 600 
WAVELENGTH ( mu) 


Fic. 4. Absorption spectra of chromopeptides 
derived from phycoerythrin. 


between 490-500 my higher than that between 550-610 my, while C, E, P-lla 
and P-llb maxima between 550-610 my higher than that between 490-500 
my. The peptides with the former maxima were purple or violet and those 
with the latter were blue. The peptide P-lla differed from other chromo- 
peptides at the ultra-violet absorption, showing three peaks at 271, 332 and 
373 my. It is of interest that the similar ultra-violet absorption is found in 
that of phycoerythrin as shown in Fig. 5. 
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Fic. 5. Absorption spectra of phycoerythrin 
and P-lla. 


Amino Acid Analysis of the Chromopeptides Obtained from the Petroleum Ether- 
Amyl Alcohol Layer and the Digestion Product of S. griseus Proteinase—Chromopepti- 
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des were hydrolyzed for 24, 36 and 72 hours and the best result was obtained 


with 36 hours for hydrolysis. 


hydrolyzed with 5.7 N HCl at 105-110° for 36 hours in this experiment. 


TasieE II 


Absorption Spectra of Chromopeptides Derived from 
Phycoerythrin by Enzymic Digestion 


Peptide naa po ap Color 
P—lla (496) 610 658 blue 
P—I1b 496 600 violet 
P—l2a 493 568 violet 
P—12b (498) 580 blue 
A 493 570 purple 
B 493 566 violet 
Cc 496 568 blue 
D 495 574 blue 
E 558 598 green 


( ) weak absorption. 


1) 


Ethyl alcohol was used as solvent. 


Therefore all peptides were subsequently 


The results of amino acid composition of chromopeptides are summarized 
in Table III. Although seventeen amino acids are present in phycoerythrin, 
eight ze, Asp, Glu, Ser, Gly, Ala, Val, Leu and Ileu are commonly found 
in the chromopeptides. The basic amino acid, arginine present in peptide- 


B was not found in the other peptides. 


Proline was present only in P-I1b 


and P-12a. The benzene soluble P-lla and P-11b contained less amino acids. 
The former especially had only trace amino acids consisting of 1.76 per 


cent of amino acid-nitrogen of the total nitrogen. 


TABLE IV 
Elemental Analysis and Minimum Molecular Weight 
GC | wei nei s’ fpevliag | re | Sen tw 
ies | lie | . 
Phycoerythrin | 50.80 | 7.99} 15.13/ 1.72] 0.61| 1.06 0.45) 
C-peptide 44,26 | 5.25| 14.53) 2.36 | 3.91 | 
B 51.78| 6.56| 5.34| 1.30 11.10 | 11:9 | 2,460 
D 34.35 4.46) 6.87) none | | | | 
P-lla | 53.37| 6.61) 5.20) 0.67 | | 6.02} 0.78) 1:18) 4,795 
P-11b 50.60 6.94 5.89 1.65) 8.60 | 179. | 1,945 
38.86 | 4.82 | 1.45 | g124 ee 
P-12a 39.04| 4.78 6.04 | 149 | Rone | 7'99 1:9 (2,145 


1) Fiske-Subarrow’s method (2/) 


2) Thiocyanate’s method (22) 


3) Calculated for 1.0 mole of sulfur in each peptide chain. 


Leucine and isoleucine 
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contents were rather higher in P-lla, P-llb and P-12a. In P-12a, leucine 
and isoleucine were determined by bioassay and by the DNP method. The 
results from these methods were in good agreement. Leucine and isoleucine 
in P-12a were confirmed to be the L-forms by bioassay. 

No N-terminal amino acid could be determined by Sanger’s method 
(14) in any chromopeptides. On hydrazinolysis (15) of peptide-A although 
a DNP derivative was obtained as described in the previous report (6), no 
C-terminal amino acid could be found. 

Elemental Analysis—The results of the elemental analysis of the chromo- 
peptides are summarized in Table IV. The per cent of nitrogen of all of 
the chromopeptides obtained from petroleum ether-amyl alcohol layer and 
from redigests with S. griseus proteinase is as low as 5-6 per cent. As shown 
in Table IV, all of the chromopeptides contain sulfur at 0.7 to 1.5 per cent, 
except peptide-D. Phycoerythrin and C-peptide also have non-amino acid 
sulfur as shown in the following data: 


Phycoerythrin C,-peptide Method 
(7) (%) 
total-S E72 2.36 strong phosphoric acid (/6) 
methionine-S 0.32 — performic acid (/7) 
half cystine-S 0.59 1.04 hydrazinolysis (/2) 
unidentified-S 0.79 B32 


There may be some sulfur containing groups in the neighbourhood of the 
chromophore group. The minimum molecular weight and molar ratio of 
the elements per 1.0 mole of sulfur in each peptide chain as calculated from 
the results of elemental analyses, are as shown in Table IV. The ratio of 
nitrogen to sulfur was 9:1 or 18:1 in these chromopeptides. 

Sugar Content of the Chromopeptides—The presence of sugar was suggested 
by the high oxygen content found by elemental analysis and from the fact 
that phycoerythrin was a glucoprotein as shown in the previous report* (7). 
Sugar contents of P-lla, P-llb and P-12a were therefore measured by 
orcinol-sulfuric acid method (/8). As shown in Table V, 13.01, 7.79 and 
3.89 per cent glucose values were found, respectively. 


TABLE V 


Suger Content of Chromopeptides 
(glucose value!) 


Hydrolysis 


Peptide Sugar (%) 
eS eee ae | eee a 
P—lla | 3 N HCl 4 hrs | 13.01 
P—Ilb | 3N HCl 4 hrs 7.79 
P= 


| 2N HCl 2 hrs 3.89 


1) Orcinol-sulfuric acid method (/7). 


Infra-red Absorption Spectra—Infra-red absorption spectra of P-Ilb, 12a 


* Unpublished data. 
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and peptide-B and -D are shown in Fig. 6. At the region between wave 
number 650-1000 and 3000-3500 cm=!, there is much difference in the spectra 
P-12b especially, differing from the other three. 


ns Savers ers L ; 6 ‘ i 3 ¥ 4 ‘ Seal oy oS s ‘ : oie 
300 “2000 1800 1600 400 — 1200 10Q0. ». ~ 800...» 660 


i , emer 
Fic. 6. Infra-red absorption spectra of chromopeptides. 
he 18) 25 B 33) Pallib An Pei 5; Bilirubin 


DISCUSSION 


The chromopeptides phycoerythrin obtained by the proteolytic diges- 
tions with pepsin, trypsin, B. subtilis N' proteinase and S. griseus proteinase 
are hydrophobic and generally soluble in organic solvents, especially, in 
methyl and ethyl! alcohol. 

The rehydrolysis with trypsin and B. subtilis N’ proteinase of a higher 
peptide from the peptic digest resulted in chromopeptides containing ten 
amino acids, Asp, Glu, Ser, Gly, Ala, Val, Leu, Ileu, Phe and Lys. Rehydro- 
lysis with S. griseus proteinase resulted in chromopeptides containing Asp, 
Glu, Ser, Gly, Ala, Val, Leu and Heu but without phenylalanine and lysine. 
After the peptic digestion, the petroleum ether-amyl alcohol layer also 
contained chromopeptides with the same amino acids as in the peptides 
obtained by hydrolysis with S. griseus proteinase. However these peptide 
had high content of leucine and isoleucine. From the partial acid hydrolysis 
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of tryptic-A, a chromopeptide was also obtained having the same amino 
acids. The results suggest that there is a core chromopeptide composed of 
Asp, Glu, Ser, Gly, Ala, Leu and Ileu which results from limited proteolysis. 

As the amino acids in the sugar containing peptides are decomposed 
during acid hydrolysis, the true amino acid content would be somewhat 
higher than that found in the present data. 

The results of elemental analysis are shown in Table IV. Peptide-B 
and -D and P-lla, -1lb and -12a have very low nitrogen contents (5-6 per 
cent), as compared with that of mesobilirhodin (9.6 per cent). The author 
has shown that the discrepancy is due to the presence of sugars in the 
chromopeptides. The sugars contents were 13.01, 7.79 and 3.89 per cent as 
glucose for P-Ila, -1lb and -12a, respectively. No sugar alcohol (20) could 
be found on paper chromatography. 

As it will be reported in detail in the proceeding paper (25), chromo- 
peptide P-12a contain three sugars, 7.e., galactose, arabinose and xylose at 
the amount of 0.87, 0.56 and 0.31 per cent and 0.85 per cent of sulfur in 
the sugar fraction. Chromopeptide P-12a was confirmed to be a glucopeptide. 

There are very high ash contents in the chromopeptides as shown in 
Table IV, although they are soluble in organic solvents. It is suggested 
from the two points, the sulfur cornbined to sugar part with the form of 
sulfate. 

With the exception of peptide-D, the chromopeptides all contained 
non-amino acid sulfur. The ratio of nitrogen to sulfur was 9:1 or 18:1 
in the chromopeptides. This seems to indicate the presence of some group 
containing sulfur and nitrogen near the chromophores. 

No N-terminal amino acid could be determined by the DNP method 
in any chromopeptide but the C,-peptide. No C-terminal amino acid 
could be determined in the C,-peptide, or the tryptic or B. Subtilis N’ 
proteolytic hydrolysates or peptide-A by hydrazinolysis either. 

It is concluded from the present work that these chromopeptides have 
a peculiar structure. 


SUMMARY 


1. Various chromopeptides soluble in organic solvents, were obtained 
from the peptic, tryptic, B. subtilis N’ and S. griseus proteolytic digests of 
phycoerythrin of Porphyra tenera. 

2. Absorption maxima of these chromopeptides were from 490 to 
600 my. 

3. The core chromopeptides of phycoerythrin containing Asp, Glu, 
Ser, Gly, Ala, Val, Leu and Ileu could be obtained by the proteolysis. 

4. Most of the chromopeptides had a low nitrogen content (5-6 per 
cent) and about 0.6 to 1.5 per cent of sulfur. 

5. The sugar contents of the chromopeptides, P-lla, -I1b and -l2a 
were 13.01, 7.79 and 3.89 per cent (glucose values) respectively. Galactose, 
arabinose and xylose were found in P-12a. 
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METABOLISM OF v-GLUCOSAMINE 


IV. ON THE NATURE OF GLUCOSAMINE OXIDATION 
BY PSEUDOMONAS FLUORESCENS* 


By YUJIRO IMANAGA 


(From the Department of Science, Nara Women’s University, Nara) 


(Received for publication, February 2, 1960) 


About the metabolism of p-glucosamine (GA) there have been made 
several progresses which are on deamination to p-fructose (/-6), isomeriza- 
tion to p-galactosamine (CA) (7), acetylation to N-acetylglucosamine (8-1/) 
followed by further conversion through its uridinediphospho derivative 
(12-14) or by oxidation to N-acetylglucosaminic acid (/5) and oxidation to 
glucosaminic acid (GAA) (J6). The enzymic reactions of the former three 
pathways have been studied in several laboratories, but about the last one 
which was found in the extract of Pseudomonas fluorescens (Ps. fluor.) there 
has been no report so far. Since it was reported (J7-18) recently that GAA 
was deaminated to 2-keto-3-deoxygluconic acid, the latter being decomposed 
to pyruvic acid and glyceraldehyde phosphate, the GAA formation seems 
to have had a general biological meaning though GAA has not yet been 
found in living organisms. 

In this paper, the author reports that the activity in Ps. fluor. extract 
for GA oxidation is of some particulate-bound nature and GA oxidation 
(dehydrogenation) is connected to oxygen through some cytochrome system, 
that is, GAA formation is carried out by a cytochrome-linked dehydrogenase, 
not by an oxidase. 


EXPERIMENTAL 


Materials 


p-Galactosamine (CA)—Prepared from chondroitinsulfuric acid (19). It showed one spot 
on the paperchromatogram (solvent system ; pyridine-ethylacetate-water-acetic acid (5:5: 
3:1) (20), Rfs; CA 0.34, GA 0.39). Analysis of N (Found 6.277%, Cale. for C,H,,0,;, 
NHCI 6.50%). 


Cultivation of bacterium—Same as in the report II of this series (/6). 


Analytical Methods 


Centrifugal—Hitachi preparative centrifugal apparatus was used. 


* Reported at the 11th Symposium on Enzyme Chemistry (Kyoto University.) 
in July (1959) by Imanaga, Y., Yoshifuji, K., Momose, N., Kamai, K. and Matsushima, 
Ya 
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Spectrophotometrical—Hitachi EPU-2 type spectrophotometer was used. The spectra of 
particulate suspension were observed by opal-glass method. 

Manometrical—All values obtained in Warburg’s method were subtracted by control 
values which contained no substrate. 


RESULTS 


1. Centrifugal Fractionation of the Cell Disintegrates—The extract which 
had been used in the preceding paper was the supernatant of the cell 
disintegrates at 20,000 r.p.m. (ca. 27,000 g) for 20 minutes and was not 
quite transparent (Sg in Scheme 1). When this extract was further centri- 
fuged at 35,000 r.p.m. (ca. 100,000 g) for 40 minutes, a clear supernatant 
(S35) and reddish precipitate (R35) were obtained. S3,; had no activity toward 
GA and R;, suspension in phosphate buffer (PB) had strong activity instead 
(Table 1). These facts showed that GA oxidizing activity was localized in 
the reddish particulate fraction (Rg;). 

Besides, it was found that R;,; powerfully reduced 2,6-dichlorophenol- 
indophenol (CPIP) anaerobically in the presence of GA. 


Ww I 


Localization of GA Oxidizing Activity 


Enzymic fraction | Oxygen consumed (y1./60 min.) 
(A) | 65 
(B) | 0 
(C) | 80 


(A): Soo, dialyzed for 2 days at 0°. 

(B): S35, obtained from (A). 

(C): Re-suspension in M/15 PB (pH 7.3) of R3, ob- 
tained from (A). 

Contents: Enzymic fraction 2.0ml. ((C) contained 
about two fold amounts of particulates in A)), GA 0.4 ml. 
(40 ym), 4/15 PB (pH 7.0) 1.4ml., 10 per cent KOH 0.2 
ml. (center well). Total 4.0m]. At 30°. 


Scheme | shows the process of the centrifugal fractionation used in 
this paper. 

2. Substrate Specificity of R3;—As shown in Fig. 1, Rg, consumed one 
atom of oxygen per molecule of GA or glucose, but it had almost no 
activity toward CA, galactose and fructose. Further, it could not oxidize 
N-acetylglucosamine, N-acetylglucosaminol, glucosaminol and lactose. 

3. Solubilization from Rg; of the “ G-A-dehydrogenase”—When R3;, was treated 
with 2 per cent digitonin solution in an ice box and then the mixture 


METABOLISM OF D-GLUCOSAMINE. IV 333 


SCHEME | 
Centrifugal Fractionation of the Disintegrates of Ps. fluor. 
Cell disintegrates 
mixed with equal weight of water, 


| adjusted to pH 7.3, centrifuged at 
| 3,000 r.p.m. for 10 minutes. 


ie | 
S3 R; 


centrifuged at 10,000 r.p.m. (ca. 
10,000 x g) for 15 minutes. 


a Rio 
centrifuged at 20,090 r.p.m. \ais: 
- (ca. 27,000 x g) for 20 minutes. Only upper mobile 
parts 
| | 
Seo Roo 
al ; mixed with equal volume 
centrifuged at 35,000 r.p.m. of 2 per cent digitonin 
(ca. 100,000 x g) for 40 minutes. solution (pH 7.0), stored 
ie l in an ice box, centrifuged 
S R at 35,000 r.p.m. (ca. 100,- 
35 85 000 x g) for 40 minutes. 
| | 
DS; DR;; 
S: Supernatant, R: Residue, D: Digitonin-treated 


1) For preparation of R;,, it was preferable to centrifuge S,) directly 
at 35,000 r.p.m. 


1 2 


O2- UPTAKE ¢ ul.) 
O2-UPTAKE ( ul.) 


305 60 OG 120 150 70 40 60 80 
TIME (minutes ) TIME (minutes ) 


Fic. 1. Activity of Rs, toward several sugars. 
Contents: 1: Rg, suspension 1.0 ml., substrate (Curve 1: GA 0.2 ml. (5 ym)+CA 
0.2 ml. (20 wm), Curve 2: GA 0.2 ml. (5 wm), Curve 3: CA 0.2 ml. (20 ym)), M/15 PB 
(pH 7.0) 2.4 ml., water (Curve 2: 0.2 ml., Curve 3: 0.2 ml.), 10 per cent KOH 0.2 ml. 
(center well), Total 4.0 ml. At 30°. 
2: substrate 0.4m]. (10 ym) (Curve 1: glucose, Curve 2: galactose, Curve 3: 
fructose). Others were the same as in Fig. 1-1. 
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was centrifuged at 35,000 r.p.m. for 40 minutes, a clear reddish supernatant 
was obtained. Whereas this supernatant (DS;;) showed almost no oxygen 
consumption for GA, it had powerful activity of reducing CPIP in the 
presence of the substrate (Table II). 


Tasce II 
Digitonin Treatment of R35 


Digitonin-treated 


| (DS) [ bei ie 
Main | Control | Main Control 
GN Cea, | ea eee | 0.2 ae 
PIP (1 pue/mnl.) oe | 0.2 | 0.2 0.2 
Enzyme fraction Veanoe | 0.4 | 0.5 | 10%5 
M/15 PB (pH 7.3) 1 1.3 1.1 1.3 
Thine requived Monte | min, |) apaiid. 4 16maeal | Senet 


1) Water-extracted: R3, was treated with water (pH 7.0) in place of 
2 per cent digitonin solution. 


When air was introduced into the Thunberg tube which had contained 
the decolorized reaction mixture, the color of CPIP was soon restored. It 


100 


. wh 


60 


40 


O2- UPTAKE ( pl.) 


20 { 


30 60 90 120 150 
TIME (minutes ) 


Fic. 2. Effect of CPIP on the oxidation by 
DS,; of GA. 

Contents: DS;, 1.0 ml., GA 0.4 ml. (30 ys), 
M/15 PB (pH 7.0) 2.0ml., 10% KOH 0.2 ml. 
(center well), 0.4 ml. of CPIP (0.4 um) was added 
at the point (|). Total 4.0 ml. At 30°. 
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seemed from this observation that DS,;, had the activity of oxidizing reduced 
CPIP too. It may be postulated that dehydrogenation by DS,, of GA could 
be connected to oxygen through the reduction and re-oxidation of CPIP. 
In fact, the oxygen consumption by DS,,; using GA as the substrate was 
markedly accelerated by the addition of CPIP (Fig. 2). 

DS,; reduced K;(Fe(CN),] in the presence of GA (Fig. 3), but it had 
no reducing activity toward triphenyltetrazolium chloride. 


(o} 
WN 
SL 


ie) 
mM 
t- 


So 
—_ 


DECREASE IN OPTICAL DENSITY Cat 400 mu) 


40 80 120 
TIME (minutes) 

Fic. 3. Reduction by DS,3, of K3(Fe(CN),)] in 
the presence of GA. 

Contents: DS, (dialyzed) 1.0ml., GA 0.2 ml. 
(15 ym), M/100 K;(Fe(CN),) 0.4 ml., 4/15 PB (pH 
7.3) 1.7 ml. Control was subtracted which contained 
0.4 ml. of PB in place of GA. Another control which 
lacked DS;, showed no change in its optical density. 
Ate 2 Or. 


It is conceivable that the oxidation by R;; of GA was carried out by 
a dehydrogenase (GA dehydrogenase) which could be extracted into DSs; 
and the connection to molecular oxygen of this dehydrogenation reaction 
was destroyed by the digitonin treatment. 

4. Participation of Cytochrome System in the Oxidation by R35 of GA: 

a. Spectrographycal Studies—Both R;; and DS,; were spectrophotometrically 
shown to contain cytochrome(s). As shown in Fig. 4, DS;; had its absorp- 
tion maxima at 415, 520 and 550 my and there was almost no change in its 
spectrum by the addition of GA. On the contrary, Rs; had only one 
absorption maximum at 410my and by the addition of GA the shift of 
absorption maximum (410>420my) was observed and further two new 
maxima at 530 and 558my appeared, though these were weak. This 
spectrographycal change was in good coincidence with the results observed 


336 Y. IMANAGA 


when R;, had been chemically oxidized by K3{Fe(CN).] and then reduced 
by NagS2O, (Fig. 4, 5, 6). 


OPTICAL DENSITY 


“400 440 500 550 600 
WAVELENGTH ( mu) 
Fic. 4. Absorption spectra of DS;, 
Contents:~ Curve 1: D§S;;,. Curve 2: 40 


minutes after replacing 0.8ml. in Curve | by 
0.8 ml. of GA (60 ym). pH 7.0. At 25°. 


i 
0.8 
-001 & 
O7F ete} 
° = -002 TH 
ie 4-001 F a Ba 
vA 5 ries -003 25 
a 2 Qa 06 <> 
(es = is Ae 
3 > = -004 § 
< -0.02 2 a 
1S) e) = 05 : 
= a Be 530 560 4 
S 2) ¥ 
ze 
-0.03 S) 0.4 
Zz 
n 
= 
ee 
400 450 5600530550 600 400 450 500 530550 600 
WAVELENGTH ( mu) WAVELENGTH (mp) 
Fic. 5. Absorption spectra of Rg, Fic. 6. Absorption spectra of R;, 
Contents’) Curvesle, WRe- ine PB: Contents: Curve 1: R,, in PB. Curve 
Curve 2: About 3 hours after adding 2: 80 minutes after adding 0.1 ml. of 
0.lml. of GA (7.5 ym) to Curve 1. M/\00 K3“Fe (CN),] to Curve 1. Curve 
Curve 3: Difference spectrum, Curve 2— 3: About 3 hours after adding 0.1 ml. 


Curve 1, pH 7:0. At 30°. of Na,S.O, (6 wm) to Curve 2. pH. 7.0. 


From these results, it is conceivable that the dehydrogenation in R35, of 
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GA is connected to oxygen through some cytochrome system. 

Above results also show that cytochrome(s) was present in DS;, almost 
in reduced form, but in R3, almost in oxidized form and these results seem 
to be in parallel with the observation that R;,; had oxygen-consuming 
power for the substrate GA (completeness of the terminal electron transfer- 
ring system), but DS;,; almost lacked such activity. 

b. Inhibition Studies—The oxygen consumption by R;, for GA was 
reduced to about 10 per cent of the control in the presence of 10-? M 
NaGN and to zero at the concentration of 10-? M of the inhibitor (Fig. 7). 


00 


Oo- UPTAKE ( ul ) 


| 


1 Se 


ht. 1 
30 60 90 120 150 
TIME (minutes ) 


Fic. 7. Inhibitory effect of cyanide on the oxi- 
dation by R;, of GA 

Contents: Curve 1: R,3, 0.5ml., GA 0.4 ml. 
(30 wm), NaCN 0.4 ml. (final conc. 107°M),10% KOH 
(NaCN-saturated) 0.2 ml. (center well), 44/15 PB (PH 
7.0) 2.5ml. Curve 2: In the ‘‘contents”’ of Curve 
1, 1/15 PB in place of NaCN and ordinary), 10% KOH 
in place of NaCN-saturated KOH were used. Total 
4.0 ml. At 30°. 


However, in both concentrations of the inhibitor, R3; quickly decolorized 
CPIP as in the case without NaCN. This means that the dehydrogenation 
of GA was not affected by NaCN (Table III). 

When air was introduced into the Thunberg tubes, the reduced CPIP 
was re-oxidized in the absence of NaCN and there was no re-coloration in 
the presence of NaCN where the CPIP oxidizing activity in R;; seemed to 
be inhibited. 

From those results it is conceivable that the first step of GA oxidation 
by Rg; was a dehydrogenation (by GA dehydrogenase) which was insensitive 
to NaCN and was connected to oxygen through some NaCN-sensitive 
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cytochrome system. 


Tasie II 
fs of caciie on the Anaerobic SE ga Ls Ros of GA 
“With NaCN | Without NaCN 
Main Control Main Control 
| 
Rg, 0.5 ml. | 0.5 ml. | 0.5 ml. 0.5 ml. 
GA (75 pm/ml. Ny 0.2 -— 0.2 — 
~ CPIP e! Pies 0.2 0.2 0.2 0.2 
NaCN (10-5M/ml.) | ¥ iz 
final conc. 103M : 0.2 7 0.2 ie 
M/15 PB (pH 7.3) 0.9 ewes | 1.1 ;} 1.3 
Time required for de- Sa - | ee es 
colorization at 30°. 
DISCUSSION 


Early in the studies (Report II of this series), it seemed propable that 
the oxidation of GA to GAA was analogous to the oxidation of glucose to 
gluconic acid by notatin, though this enzyme could not carry out the GA 
oxidation. In this paper, it was demonstrated that the activity of GA 
oxidation was localized in some particulate matter and that a dehydrogenase 
participated in the reaction through some cytochrome system. 

When R;; was treated with digitonin solution the GA dehydrogenating 
activity was found in the supernatant fraction (DS;;), which, however, 
showed almost no oxygen consumption toward GA. Accordingly, in DSs,, 
the electron transferring chain from GA to oxygen seemed to be discon- 
nected at some point(s). The color restoration of the reduced CPIP (non- 
autoxidizable) in the Thunberg test on the exposure to atmospheric oxygen 
(results, 4-b) seemed to show the presence in Rs3; of so-called indophenol 
oxidase (cytochrome oxidase); in fact, R3; showed strong cytochrome oxidase 
activity by the “nadi reaction” and the indophenol color formed was also 
decolorized anaerobically by the addition of GA. So, it seemed to show 
the participation of cytochrome C-cytochrome oxidase in the GA oxidation 
system of R;, that the oxygen consumption toward GA and the color 
restoration of the reduced CPIP above mentioned were both inhibited by 
cyanide, whereas the dehydrogenation of GA itself was not affected by 
cyanide at all. The nature of GA dehydrogenase and the sequence of the 
electron transferring system connected with it are to be studied. 

Rs, oxidized both glucose and GA and it is so far not clear whether 
R;; contained two separate enzyme or only one enzyme of group specificity. 

It may show the presence in this preparation of a small quantity of 


METABOLISM OF D-GLUCOSAMINE. IV 339 


GA that the oxygen consumption of about 0.08 atom per molecule of 
substrate CA was observed by R;;. (The presence of a small quantity of 
GA was observed also by the cation exchanger chromatography of S. 
Gardell (27),) 

As CA itself seemed to be not oxidized and exert no effect on the 
oxidation by Rs, of GA, it may be probable that GA alone can be de- 
termined enzymatically in the mixture of both aminosugars and both will 
be determined separately in combination with the Elson-Morgan 
method. The study on this problem is in progress. 


SUMMARY 


1. The glucosamine oxidizing activity in crude extract of Pseudomonas 
fluorescens was found to be localized in some particulate matter. 

2. The particulates oxidized only glucosamine and glucose and had 
almost no activity toward several other sugars including galactosamine. 

3. In these particulates, a dehydrogenase which might be called 
glucosamine dehydrogenase participated in the glucosamine oxidation 
through some cytochrome system. 

4. The glucosamine dehydrogenating enzyme was extracted into high 
speed supernatants (about 100,000 xg) by digitonin treatment. 


The author would like to express his thanks to Prof. Drs. S. Akabori, K. Oku- 
nuki of Osaka University and Y. Matsushima for their encouragement and also to 
Miss K. Yoshifuji for her assistance. 
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METABOLISM OF 4-METHYL-5-8-HYDROXY- 
ETHYLTHIAZOLE-S*® IN RATS* 


By YOSHIO IMAI, SUZUOKI-ZIRO anp AKIRA KOBATA 


(From the Research Laboratories, Takeda Pharmaceutial Industries, Ltd., Osaka) 


(Received for publication, February 8, 1960) 


Several investigations have so far been reported on the metabolism of 
thiamine in rats (/, 2) and rabbits, (3), but the metabolic fate of the 
thiazole moiety of thiamine, i.e. 4-methyl-5-§-hydroxyethylthiazole (Th)**, 
has not yet been published. The present authors studied the fate of Th-S® 
in rats and the separation of the resulting urinary radioactive metabolites, 
and demonstrated that 4-methylthiazole-5-acetic acid (ThA) was the main 
urinary metabolite. The results are described below. 


MATERIALS AND METHODS 


Materials—Th-S*® was prepared by the method of Williams and Ronzio (4). The 
purity was cheched to be uniform radiochemically and spectroscopically by means of 
paper chromatography and paper eletrophoresis. The specific activity of the final pro- 
duct was 6.88 10%c.p.m. per mmol. About 200g. Sprague-Dawley male rats maintained 
on a usual laboratory chow (Diet No. TH-1) were used. 

Treatment of Rats—Th-S®® was dissolved in physiological saline so as to have an ap- 
propriate specific activity and the solution was adjusted to pH 7.0. After intraperitoneal 
or intravenous injection of Th-S3°, the rat was placed in an all-glass metabolism cage 
for the separate collection of urine, feces and expired air. Air was introduced into the 
cage at a rate of 500ml. per minute and the issuing air was passed through traps con- 
taining 1N NaOH and 0.1WN perchloric acid solutions. The rats were decapitated 5 
minutes, | and 24 hours after injection. 

Extracts of Tissues—After the collection of blood, various organs were excised, weighed 
and frozen in dry ice-acetone. These tissues were extracted twice with a cold perchloric 
acid solution according to the procedure of Hurlbert et al. (5). 

Measurement of Radioactivity—An aliquot of urine or tissue extracts was directly plated 
on a planchet and dried, and the radioactivity was measured by a gas flow counter 
(Model D47 counter, Nuclear, Chicago). When the sample is anticipated to contain Th 
it must be acidified with perchloric acid solution beforehand, because Th is volatile in 
neutral or alkaline solution. The radioactive spots on the paper chromatogram were 
located by autoscanning with Actigraph II, Nuclear, Chicago. 

Ion Exchange Chromatography—An Amberlite XE 64 (H form) column, 1x 20cm, was 
used for ion exchange chromatography. After 1 ml. of a sample was applied on the top 


* This report was presented at the 32nd General Meeting of The Japanese Bioche- 
mical Socienty (Osaka, 1-3, Nov., 1959) 

** The following abbreviations are used. Th, 4-methyl-5-8-hydroxyethyl-thiazole ; 
ThA, 4-methylthiazole-5-acetic acid; i.p., intraperitoneal; PcA, perchloric acid. 
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of the column, it was eluted first with water and then with 0.1 M perchloric acid solu- 
tion at flow rate of about 0.5ml. per min. When a large amount of the sample is 
applied, a larger column corresponding to the amount must be used. The linear gradient 
elution was carried out by the method of Lakshmanan and Lieberman (6). 

Paper Chromatography— It was carried out by ascending method using filter peper 
“‘Toyo”? No. 5 B and developing with the solvent systems shown in Table I. As shown 


TABLE I 
Ry Values of Th and ThA 


Solvent System 


Abbrev. Th ThA 
n-Butanol-Acetic Acid-Water=12: 3:5” BuA | 0.88 0.84 
sec-Butanol saturated with Water sec-Bu 0.93 0.34 
n-Butanol-Pyridine-Water=1:1: 1 BuPy 0.96 0.66 
i-Propanol-Ammonia-Water=20: 1:2 i-PrAm 0.90 | 0.38 
Ethanol-Ammonia-Water=18:1:1 EtAm | 0.85 0.44 


Filter Paper, ‘‘Toyo’’ No. 5B., ascending. a) V/V. 


by the Rf values of authentic sampless of Th and ThA (Table I), the BuA system pro- 
ved unsuitable for the separation of the compounds. The radioactive spots on paper 
were located by radioactivity or ultraviolet absorption under irradiation with a 253my 
lamp. 

Paper Electrophoresis—The standard conditions were as follows. Filter paper ‘‘ Toyo” 
No. 5B or No. 51, 8X45cm, Solvent: 0.1 N acetic acid solution, 0.1 M acetate buffer 
(pH 4.6), or 0.1.N sodium acetate solution, Voltage gradient; 9 volt per cm., Time; 3 
or 4 hours. The electrophoretic behaviours of Th and ThA are indicated in Table IV. 

Microbiological Assays—Lactobacillus fermenti (ATCC 9338, IFO 3071) was used as the 
test microorganism for the assay of thiamine-replacing activity of ThA. The test medium 
was prepared according to the procedure of MaciasR (7). The bacterial growth was 
measured turbidimetrically after the incubation for 22 and 44 hours at 37°. 


RESULTS 


1. Distribution of Radioactivity after Injection of Th-S**—Several experiments 
were conducted on the distribution of radioactivity in rats after injection 
of Th-S* under various conditions (route, dose and time). The results all 
showed that the compound was rapidly absorbed and distributed throughout 
the body without any local concentration and then excreted largely in 
urine (Table 1), In Experiment 1, 98 per cent of the recovered radioactivity 
was found in the urine collected during 24 hours, while less than 1 per 
cent was observed in total viscera, skeletal muscles and expired air. The 
authors then intended to clarify the chemical natures of the urinary 
metabolites. 

2. Separation of Urinary Metabolites—Preliminary experiments showed 
that the metabolic pattern of urinary metabolites of rats given a large dose 
of the compound was the same as that of rats administered with a small 
dose. Therefore, the urines from six rats administered each with 100 mg. 
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Tasce II 
Per Cent Recovery of the Radioctivity in Rats 
after Injection of Th-S35 


| 


Exp. No. 1 2 | 3 5 


Rat (No., Sex, Weight) |1, &, 205¢. 6, Se loses | tad 220 ic.10, 2) 190g" 
Injection Route i.p. 1.p. 1.p. i.p. 
Dose per Rat, mg. 0.94 | 100 100 100 
c.p.m. 2.29 x 108 A LIS<108 AO < 108 6.93 x 10® 
Hours after Injection 24 24 1 24 
Per Cent Recovery 
Organs” OFS 47cm — 5.6% — 
Skeletal Muscle == 0.0 — = = 
Blood” 0.15 -— 4.4 — 
Expired Gas 12 = = | = 
Urine | 84.9 | 976 24.3 | 100.1 
Total 86.6 | 97.6 34.3 | 100.1 


1) Organs tested ; Brains, lung, heart, liver, spleen, kidney and 
small intestine. 

2) Calculated on the basis of the assumption that the total blood 
volume is 8 per cent of body weight. 


of the compound (4.1 x10®c.p.m.) (Expt. 2) were pooled after 24 hours and 
concentrated to about 10 ml. (1/10 volume) under reduced pressure. In 
order to remove inorganic salts, the concentrate was subjected to solvent 
extractions. Although Th is readily extractable with chloroform, the 
radioactivite metabolites were hardly extracted with the solvent, but they 
were extracted with phenol or acidified n-butanol almost quantitatively 
(Table IID. This property suggests that the majority of the urinary radio- 
active substances are different from Th. 


Tasce III 


Solvent Extraction of S°-active Substances from the Urine. 


Per Cent Partition” 


palvent Solvent | Aqueous 

Layer _Layer _ 

Chloroform, pH 6.0 18% | 98.2% 
Chloroform, pH 9.0 0.5 99.5 
Phenol, pied -Om 99.0 1.0 
n-Butanol, pH2 | Dles 8.5 


1) Extracted thrice. 


Then, a n-butanol extract, after removal of the solvent under reduced 
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pressure, was chromatographed on an Amberlite, XE 64 column. Fig. | 
shows that more than 95 per cent of the radioactivity of the substance 
applied is found in the C-1l fraction eluted with water. In the preliminary 
experiments, Th was found to be adsorbed on the column and not to be 
eluted with water, unless the eluent was acidified. Here again, the com- 
pound in the C-l fraction was found not to be identical with Th. This 
was further confirmed by the fact that the R,-value and eletrophoretic 
mobility of the compound are different from those of Th (See Section 3). 


C.p.m. 
20000F H20 Elution O.1M PcA Elution 
ae €-0 eat Cee G-3 
faa —{ } see { 
1O000F 


ose 60 | (5 150) ml 
Rechromalography of C-O fraction 


30 60 mi 
200F 
Rechromatography of C-2 fraction 
100r 
— ee L pee i 


4 
30 60 0 50 100 mi. 


Fic. 1. Ion exchange chromatographic separations of 
the urinary metabolites. 
The Sample: n-butanol extract of the urine obtained in 
Expt. 9. 
The Conditions for chromatography: See Text. 


eae 
800 F 
H20 H20-PeA Gradual elution O.18M PcA 
> = > ss 
600 + 
C371 © 
1 
400+ 
0.075M Pod 
200) = 0.05M 
0.025M 
0) 


50 100 150 200 mi. 


Fic, 2. Rechromatography of the C-3-fraction. 
The conditions for chromatography: See text. 


From the concentrate of the pooled fraction of C-1 radioactive needles 
were obtained. This compound was tentatively named substance A, whose 
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specific activity was 3.6x10‘c.pm. per mg. and did not change during 
repeated recrystallizations. Later, the compound was identified as 4-methyl- 
thiazole-5-acetic acid. The detailed properties of the compound and its 
identification will be described in Section 3. 

In the ion exchange chromatographic separation, there were found 
three minute radioactive peaks, namely, C-0, C-2 and C-3, beside the main 
peak, C-l. The C-0 fractions were pooled and rechromatographed under 
the same conditions as before to give a uniform peak. In the rechromato- 
graphy of the C-2 fraction, the radioactive substance was adsorbed on the 
column to be eluted with 0.1 N perchloric acid (Fig. 1). The C-3 fraction 
was also rechromatographed by means of a gradient elution technique 
and separated into four radioactive peaks, 7.e. C-3-1, C-3-2, C-3-3 and 
C-3-4 fractions (Fig. 2). These six fractions contained only less than 1 
per cent of the radioactivity of the substance applied, respectively. So 
it seemed difficult to isolate these active compounds in crystalline form. 
Therefore, they were subjected to paper chromatographic and electrophoretic 
identifications. The results are summarized in Table IV. The C-0 fraction 


TABLE LV 


Ry Values and Electrophoretic Behaviors of S*°-active Components in the 
Fractions Obtained by Ion Exchange Chromatography of the Urine. 


Electrophoretic Behavior? 

Fraction Ry Values = - 
pH 2:3 pH 4.6 )  jalel 72) 

C0 0.02, 0.26, 0.56, 0.77 | -0.4, +1.3) +3.8 0.9, +3.9 
C-1 0.38 (ThA) -6.0 +3.8 (ThA) +4.5 
C-2 0.14, 0.90 — -0.5 -0.3, +2.8 
C-3 0.39, 0.78, 0.84, 0.90 — 4.372.065) Oro +09 == 
C-3-1 0.01, 0.35 (ThA) — =0.2, +4.0 (ThA) == 
C-3-2 0.18 ~4.0 +3.8 — 
C-3-3 0.02, 0.44, 0.73 -- -5.3, -4.0, -1.4 | -0.3 
C-3-4 0.36 (ThA), 0.96 (Th) = -0.7 (Th), +3.8 (ThA) — 
Th 0.90—0.93 -13.0 -0.8 — -1.0 -0.3 
ThA 0.35—0.37 - 6.0 +3.8 — +4.0 | +4.5 

| Seal a 


1) Migration distances, cm., from the origin and designated+sign when 
migrated toward the anode and vice versa. 300 volt/40.cm., 3 hours in 0.1 M@ 
acetic acid, 0.1 M acetate buffer, pH 4.6 or 0.1 M sodium acetate. Underline 


denotes the predominant component. 


contained at least two radioactive compounds more acidic than ThA. The 
main component of the C-2 fraction, though not yet identified, is more 
acidic than Th but more basic than ThA and its R; was 0.14 in i-PrAm 
system. The C-2 fraction also contained a small amount of Th as an 
additional minor component. The main component of C-3-1 fraction was 
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identified as ThA, but the amount was only less than 0.05 per cent of ThA 
found in the main fraction, C-1. The active compound contained in C-3-2 
fraction showed similar electrophoretic mobility to that of ThA but its 
R,-value was widely different from that of ThA. In the C-3-3 fraction 
there were found three unidentified components, of which two were more 
basic than Th. These results led us to the conclusion that of the radioactive 
urinary excreta over 95 per cent was recovered as ThA and | per cent or 
less as intact Th. Besides these two compounds, at least six unidentified 
metabolites including acidic and basic substances were found in much 
smaller amounts, but the result is not still conclusive. 

3. Properties and Identification of Substance A—As reported in Section 2, 
colorless needles were obtained from the C-l fraction. The compound, 
named, tentatively “substance A”, was recrystallized from boiling water 
without any decrease in the specific activity. One hundred and twenty-two 
mg. crystallines of the substance were obtained from the urine of Experi- 
ment 2 (Table I). The properties of the substance are described below. 

1) Melting Point: 191°. 

2) Elementary Analysis (Expected formula, C,H,;O,NS)— 

Cc H N S 
Calcd. : 45.84 4.49 8.91 20.40 
Found : 45.40 4.79 8.80 20.19 
3) Molecular Weight by Burger Method: 145+15 (Expected, 157 
4) Ultraviolet Absorption Spectrum 
ZOEK HCL 956 mie (4570) 4) ROL OES 959 exe S00): 
These figures are closely similar to those of Th (Fig. 3). Therefore, substance 
A was strongly expected to contain thiazole ring. 


330 280270 ~«230~«50~«OTO 
WAVELENGTH (mp) 
Fic. 3. Ultraviolet absorption spectra of Th and ThA. 
——= 0.1N Hel, ——— 0Ni NaOH 


5) Infrared Absorption Spectrum—The infrared absorption spectrum of substance A 
(Fig. 4) suggests the absence of the hydroxyl group. 

6) Papar Chromatographic Behaviors—Th gave almost the same Rf-value both in 
butanol-acetic acid and in butanol-pyridine solvent systems. On the other hand, 
the value of ThA in a solvent containing such a base as pyridine or ammonia 
is lower than in butanol-acetic acid system (Table I, Fig. 5A), where the values 
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RO. 41713-—1 


Fic. 5A and 5B. Paper chromatography and paper electrophoresis of the urine ob- 


tained in Exp. 5 (Table II). 


(See the Text of Table I) 


B 0.1M Acetate buffer, pH 4.6; 9 volt/cm., 4 hr. 


Photographs show the autoscanning of th 


i-PrAm system. 


A 


(See the Text of Table IV) 


radioactivity and ultraviolet absorption spots. 


© 
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of both Th and ThA are quite identical. This Rf shift of substance A in acidic 
and alkaline solvents suggests the presence of a weak acidic group in the compound. 

7) Paper Electrophoresis—Paper electrophoretic behaviors of Th and substance A are 
shown in Table IV and Fig. 5B. Th migrates only toward the cathode in acidic 
medium, while substance A migrates to the cathode at pH 2.9 and to the anode 
at pH 4.6 or 7.9. This also attests the presence of a weak acidic group. 


From all these results substance A was assumed to be an oxidation 
product of Th, namely 4-methylthiazole-5-acetic acid (C,H,O.NS). The 
value of the elementary analysis and the molecular weight well agree with 
this empirical formula. The melting point is also close to that (189°) 
reported by Cerecedo e al. (8). Later the authors could obtain an 
authentic sample of ThA, which was synthesized by Dr. Hirano and Mr. 
Tsujikawa according to the method of Cerecedo et al. (8). Substance 
A showed no depression in m.p. when admixed with the authentic sample, 
and its ultraviolet and infrared absorption spectra, Rys-value and electropho- 
retic mobility were all well coincident with those of the synthetic ThA. 
The authors, therefore, conclusively confirmed that substance A was identical 
with ThA. 

By the microbiological assays using Lactobacillus ferment which requires 
thiamine (1-50myg. per ml.) or Th (20-200 vg. per ml.) for the growth, 
ThA was found to be quite inactive in the concentration of less than | mg. 
per ml, regardless to the supplement of 2-methyl-4-amino-5-hydroxymethy]l- 
pyrimidine. 


DISCUSSION 


Of Th-S® injected, more than 24 per cent of the radioactivity was 
excreted in urine in one hour, and 85-95 per cent within 24 hours without 
any accumulation in particular organ tissues. In addition, ThA accounted 
for about 95 per cent of the radiosulfur in urine. From these facts it is 
apparent that the oxidation of Th to ThA and excretion of the latter take 
place rather rapidly. In the authors’ experiments, it was not undertaken 
to obtain accurate balances of the radioactivity administered and recovered, 
but the lower recoveries in the tests of short periods may have resulted 
from self-absorption due to direct measurement, omission of the measurement 
of the perchloric acid insoluble fractions, incompleteness of the extraction, 
etc. 

The present experimental data reveal that ThA is the main metabolite 
of Th in rats. The occurrence of the compound in natural products has 
never been reported, but it is well known that the biological oxidation of 
a primary alcohol to the corresponding carboxylic compound is one of the 
most wide-spread detoxication mechanisms. Kofler and Sternbach 
(9) Kraut and Wildeman (10) and Iacono and Johnson (2) 
reported that thiamine administered to mammals was excreted in part as 
thiamine carboxylic acid, and this biological conversion may be due to the 
same mechanism as above. A similar metabolism was also reported by 
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Shintani (JJ) on 2-methyl-4-amino-5-hydroxymethylpyrimidine, the 
pyrimidine moiety of thiamine, which was excreted as the corresponding 
carboxylic acid when injected in rabbits. 

Although Verett e al. (3) and Iacono e¢ al. (2) announced the 
urinary excretion of Th following the administration of S®5- or C-labeled 
thiamine, they did not obtain any experimental evidence suggesting the 
occurrence of ThA. Judging from the authors’ results indicating the easy 
conversion of Th to ThA in rats, the possibility would be anticipated that 
a part of thiamine administered might be excreted in urine after conversion 
to ThA via Th. The experimental procedures used by Verett é¢ al. (3) 
is unsuitable for the separation and detection of ThA. On the other hand, 
the fluorescent spot No. 15 reported by Iacono et al. (2) has similar Ry 
values in BuA and _ sec-butanol systems to those of ThA found by the 
authors, but it is not justifiable to infer that spot No. 15 corresponds to 
ThA, for the latter does not emit fluorescence. 


SUMMARY 


1. In the present study on the fate of S*-labeled 4-methyl-5-8-hydroxy- 
ethylthiazole (Th) in rats, 85-95 per cent of the radioactivity administered 
intraperitoneally or intravenously was excreted into urine within 24 hours 
and there was found no accumulation of the radioactivity at any organ 
investigated. 

2. The radioactive urinary metabolites were investigated by ion ex- 
change chromatography, paper chromatography and paper electrophoresis. 
Urinary excretion pattern of Th-S*® in the case of a small dose (1 mg. per 
rat) was the same as in a large dose (100mg. per rat). The majority 
(about 95 per cent) of the metabolites was isolated, characterized and 
identified with 4-methylthiazole-5-acetic acid. Several radioactive com- 
ponents including unchanged Th were also demonstrated, although each 
amounts to only one per cent or less. 


The authors are deeply iedebted to Mr. T. lida for his technical assistance, to Dr. 
Kanzawa and Mr. Nishikawa for the infrared spectroscopy and to Dr. Tanabe, 
Mrs. Kan, Kashiwagi, Suzuki and Tsukamoto for elementary analysis and to 
Dr. Hirano and Mr. Tsujikawa for the synthesis of ThA. 
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STUDIES ON THE STRUCTURE AND ENZYMATIC 
FUNCTION OF LYSOZYME 


I. ENZYMATIC ACTION OF LYSOZYME ON GLYCOL CHITIN 
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University, Osaka) 
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Lysozyme is a most promising protein for studies of physical and 
chemical structure, because of its ready availability, its simple structure 
and low molecular weight. However, the enzymatic properties of lysozyme 
are not well defined due to the very complex nature of the substrate, 7.¢., 
the cell-wall substance of bacteria. ‘Therefore, if a substrate having a 
simple chemical constitution were available, lysozyme would become a 
much more favorable protein for studies of physical and chemical structure 
in relation to enzymatic activity. 

We reported in the previous communication (/) that glycol chitin can 
be used as a substrate of lysozyme and that the activity of lysozyme can 
be readily determined by the measurement of the viscosity change of 
glycol chitin after addition of the enzyme. This paper is mainly concerned 
with the general properties of the enzymatic action of lysozyme on glycol 
chitin. 


EXPERIMENTAL 


Materials—Lysozyme was prepared from hens’ egg white by direct crystallization. It 
was recrystallized four times and finally lyophilized. Glycol chitin was kindly supplied 
by Dr. Senzyu, who prepared it by glycolation of chitin with ethylene oxide (2). Glycol 
chitosan was also supplied by Dr. Senzyu. 

Methods—Viscosity was measured with an Ostwald viscosimeter. Colorimetric de- 
terminations of reducing power and N-acetylglucosamine were performed by the methods 
of Somogyi (3) and Elson-Morgan (4), respectively. For both methods a solution 
of glucosamine hydrochloride was used as a reference. The concentration of lysozyme 
was determined by measuring the increase in refractive index using a Brice-Phoenix’s 
differential refractometer (dn/dc=0.195 at 436 my) (5). 
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RESULTS AND DISCUSSION 


Viscosity Change and Development of Reducing Power and the Elson-Morgan 
Reaction—The action of lysozyme on glycol chitin in M/15 phosphate buffer 
(pH_ 5.5) at 33° was investigated by measuring the intensity of the Elson- 
Morgan reaction, the increase in reducing power, and viscosity change. 
The results obtained are shown in Fig. 1. The reducing power and the 
intensity of color produced by the Elson-Morgan reaction are given 
as values compared with reference glucosamine hydrochloride. 
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Fic. 1. Change with time of viscosity, reducing power, and 
intensity of the Elson-Morgan reaction of glycol chitin under 
the action of lysozyme. Concentration of glycol chitin: 0.26 per 
cent ; concentration of lysozyme: 24 »M (assuming that the mole- 
cular weight of lysozyme is 14,500). pH 5.5 (M/15 phosphate 
buffer), 33°: 


It is shown in Fig. 1 that the increase in reducing power and in the 
intensity of color produced by the Elson-Morgan reaction was con- 
comitant with the viscosity decrease. Recently, Berger and Weiser (6) 
reported that lysozyme has §-glucosaminidase activity because of its ability 
to hydrolyze chitin. The results presented here confirm their results. 

It is uncertain whether glycol N-acetylglucosamine is liberated, because 
the Elson-Morgan reaction is in no way specific for this monomer. 
The rapid decrease in viscosity of glycol chitin solution after addition of 
lysozyme suggests that lysozyme may split glycol chitin molecules at random. 
The increase in reducing power after 52 hours is equivalent to 0.05 mg./ml. 
of glucosamine hydrochloride (Fig. 1). This figure corresponds to only 2 
per cent of the initial concentration of glycol chitin used (2.6mg./ml.), 
assuming that glycol chitin is completely hydrolyzed to N-acetylglucosamine 
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by lysozyme. Recent investigations on the hydrolyzates of bacterial cell- 
wall substances under the action of lysozyme show that there is no N- 
acetylglucosamine but higher molecular weight fragments attached by 
N-acetylaminosugar-reacting groups (7, 8). 

Of the changes during the hydrolysis of glycol chitin by lysozyme, the 
viscosity change was the most marked. Therefore, the viscosimetric method 
was employed for the determination of lysozyme activity throughout the 
following experiments. 

Optimum pH, Optimum Temperature, and the Effect of pH on the Stability of 
Lysozyme—The pH-activity curve which was determined by the viscosimetric 
method (see ref. (/)) is shown in Fig. 2. The ordinate in this figure 
represents the initial velocity (vy) of the decrease in viscosity of glycol 
chitin. It can be seen that the optimum for lysozyme activity lies at pH 
3.5. The value for the optimum pH as determined by lysis of bacteria 
was very different, being between pH 5 and 7.4. 

The optimum temperature, as determined by using glycol chitin is 50° 
at pH 3.5, whereas that determined by lysis of bacteria is between 55° and 


0.16 
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(Y) 
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0.04 


INITIAL VELOCITY 
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Fic. 2. Curve A: the activity was tested at the pH values 
shown. pH 4.5-9.1: M/15 phosphate buffer, pH 1.75-3.5: M/15 
glycine buffer. Curve B: the enzyme was exposed to the pH 
values shown for 1 hour at 33° and the activity was then tested 
ALD ENS Orateoor. 


60° (9). It is interesting to note that the optimum temperature corresponds 
to the temperature above which the foaminess of lysozyme solution increases 
(10, 11). ; 
As pointed out in the previous communication (J,), it is quite interesting 
that the enzymatic properties of a liquifying chitinase obtained from 
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Aspergillus mger by Ohdakara (12), with glycol chitin as substrate, 
resembles that of lysozyme. 

To examine the effect of pH on the stability of lysozyme, the activity 
of lysozyme was determined at pH 3.5 after preincubation at various pH’s 
(as 0.18 per cent solution) at 33° for 1 hour. Activity was measured with 
0.042 per cent of glycol chitin and final concentration of lysozyme of 0,4 
uM. The results are shown in Fig. 2. It is obvious that lysozyme is 
unstable below pH 2.5 and above 10.0. 

Effect of Sodium Chloride and Various Buffers—The effect of the concentra- 
tion of sodium chloride on the activity of lysozyme is shown in Fig. 3. 
The activity increased about 10 per cent in the presence of 0.1 and 1.0 M 
sodium chloride. However there was no effect with change in the com- 
position of the buffer (14/10 phosphate, citrate, acetate) at pH 5.6. 
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Fic. 3. The effect of the concentration of sodium chloride 
on the activity of lysozyme. Concentration of glycol chitin: 0.031 
per cent, final concentration of lysozyme: 3.8 uM. pH 7.3 (M/15 
phosphate buffer), 33°, ©, without NaCl; A, 0.1 M NaCl; ar 
1.0 M NaCl. 


Inactivation of Lysozyme by Urea—Inactivation of lysozyme by urea has 
been studied by Léonis (13) and by Dickman ald Procter (14) 
using lysis of bacteria as a measure of activity. However since the lytic 
process is enhanced by urea, we examined the inactivation of lysozyme by 
urea using glycol chitin as substrate. 

After lysozyme (0.14 per cent) had been preincubated with various 
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concentrations of urea (pH 6.4, 44/10 phosphate buffer) at 33°, the activity 
of lysozyme was determined in the presence and absence of urea, using 
glycol chitin as a substrate. The results are shown in Fig. 4. 

When measured in urea solutions the activity gradually decreased with 
increase in urea concentration (Curve I). This curve, however, does not 
demonstrate inactivation of lysozyme itself by urea, because an interaction 
between the substrate and urea must also be taken into account. The ac- 
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Fic. 4. Effect of urea on activity of lysozyme. Curve (J): 
Activity measured in urea solutions after lysozyme had been pre- 
incubated with urea for 1 hour. Curve (I): Activity measured 
in the absence of urea after lysozyme had been preincubated with 
urea solutions for 4 hours. Curve (III): The same as curve (II) 
except that the preincubation period was 25 hours. Activity is 
expressed as per cent of the initial velocity of native lysozyme. 


tivity determined in the absence of urea after lysozyme had been pre- 
incubated with urea solutions for 4 hours was the same as that of the 
native enzyme. The activity determined in the absence of urea after 25 
hours incubation (Curve III) decreased at concentrations of urea higher 
than 44. However after preincubation in 6 or 8 M urea for 25 hours, the 
lysozyme activity on glycol chitin was depressed in the initial stage of the 
hydrolysis and gradually recovered thereafter. 

The relationship between the inactivation and denaturation of lysozyme 
by urea will be described in detail in the next paper. 

Effect of Heating on Lysozyme Activity—As described above, the optimum 
temperature of lysozyme is 50°. On the contrary, we found that pretreat- 
ment of lysozyme by heat caused considerable activation. For instance, 
after lysozyme had been preincubated at 50° for 4 hours the activity 
measured at 33° is almost twice as great as that of the intact enzyme (Fig. 
5). The optimal period of heat treatment required for maximal activation 
of lysozyme varied with the temperature used. The optimal period shortened 
with rise in temperature. Pretreatment of lysozyme by heat did not cause 
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inactivation at temperatures below 80°. In boiling water, however, lysozyme 
was completely inactivated after 75 minutes. Details of the mechanism of 
heat activation of lysozyme will be described in the near future. 
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Fic. 5. Effect of heat treatment on lysozyme activity. 
Lysozyme (0.57 per cent) in M/15 phosphate buffer (pH 5.5) was 
incubated for 0 (@), 1 (A), 2.5 (xX) and 4 (©) hours at 50° and 
then the activity was determined using glycol chitin as a substrate 
(0.04 per cent) (pH 5.5) at 33°. Final concentration of lysozyme : 
0.76 uM. 


Action of Lysozyme on Glycol Chitosan—Berger and Weiser (6) reported 
that lysozyme can not hydrolyze chitosan. We also found that glycol 
chitosan is not hydrolyzed by lysozyme. ‘Therefore, lysozyme seems only 
to act on a polymer of an N-acetyl derivative of glucosamine and not on 
the deacetylated polymer. 


SUMMARY 


Using glycol chitin as substrate, several enzymatic properties of egg 
white lysozyme were examined. The results were as follows. 

1. A rapid decrease in viscosity and increase in reducing power and 
intensity of color produced by the Elson-Morgan reaction were 
observed on hydrolysis of glycol chitin by lysozyme. 

2. The optimum pH and temperature for lysozyme activity were found 
to be at pH 3.5 and 50°, respectively. Lysozyme was unstable at pH’s 
below 2.5 and above 10.0. 
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3. The stability of lysozyme decreased in solution of urea more con- 
centrated than 4M. 


4. Pretreatment of lysozyme by heat increased its activity. Heat 
inactivation was not observed at temperature below 80°. However, in 
boiling water lysozyme was inactivated. 

5. Glycol chitosan was not hydrolyzed by lysozyme. 


The authors wish to express their hearty thanks to Prof. T. lsemura for his kinds 
support, and to Dr. R. Senzyu of Kyushu University who supplied glycol chitin and 
glycol chitosan, and to Dr. Y. Imanaga of Nara Women’s University who supplied 
glucosamine hydrochloride. 
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The effect of urea on some enzyme proteins has been studied to 
elucidate the activity of the enzymes in relation to their secondary and 
tertiary structure (J). However, such investigations have not progressed 
with lysozyme because the lysis of bacteria, by which the activity of this 
enzyme has been determined, is enhanced by urea. Thus, studies on the 
effect of urea on the activity of lysozyme reported by Léonis (2) and 
Dickman and Procter (3) were only preliminary. In the previous 
paper (4), we reported the effect of urea on the activity of lysozyme, using 
glycol chitin as substrate. The denaturation of lysozyme by urea has been 
investigated by Léonis (2), Glazer (5), and one of the present authors 
(6, 7, 8). In addition to the experiments published previously, we have 
examined the intrinsic viscosity and optical rotatory dispersion of lysozyme 
in urea solutions. In this paper, the relationships between the changes in 
activity and the physicochemical properties of lysozyme in urea solutions 
are summarized. 


EXPERIMENTAL 


Materials—Lysozyme was prepared from hens’ egg white by direct crystallization. It 
was recrystallized three times and finally lyophilized. Reagent-grade urea was used 
without recrystallization. 

Methods—Viscosity was measured with an Ostwald viscosimeter. Optical rotatory disper- 
sion was measured at 33° between 420 and 600 my in increments of 20 my with a Hitachi 
photoelectric spectropolarimeter. The temperature was controlled by circulating water 
from a constant temperature bath through a jacketed polarimeter tube. The concentra- 
tion of lysozyme used for the measurement of the dispersion was 1.46 per cent. The 
concentration of lysozyme was determined by the micro-Kjeldahl method or by measuring 
the refractive index increment using a Brice-Phoenix differential refractometer (0.195 at 
436 my) (9). Activity of lysozyme was measured using glycol chitin as substrate (4). 


RESULTS 


The intrinsic viscosity jand optical rotatory dispersion were measured 
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at pH 6.4 (44/30 phosphate buffer) and 33°. When the specific viscosities 
are plotted against the concentration of lysozyme, a straght line is obtoined 
which passes through the origin. This line is independent of the concentra- 
tion of urea, as shown in Fig. 1. The intrinsic viscosity of the lysozyme 
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Fic. 1. Plot of specific viscosity against concentration of 
lysozyme in 0 (©), 4 (A), and 8M urea (@). pH 6.4 (M/30 
phosphate buffer). 33.0°. 


TABLE I 


The Intrinsic Viscosities, Dispersion Constants, and Activities of 
Lysozyme at varying Urea Concentrations 


(33°, pH 6.4) 


~ Concentration | Intrinsic viscosity | Dispersion constant, | Activity? ~~ 
of urea (M) (97, (g-/100 ml.)7! Ac (mp) (per cent) _ 
Incubation time (hours) ; 
a I 26 l 26:7 7) A SGT. 
0 0.037 | 261 100 | 100 
4 0.036 | 100 | 100 
6 | 260 260 100 | 68 
8 0.037 0.037 | 255 255 oil OO desl og 522 


1) Ref. (4). Activity measured in the absence of urea after lysozyme had 
been preincubated with urea solutions for 4 and 25 hours. 

2) The activity was not recovered by dilution to 0.8 M urea after lysozyme 
was incubated in 8 M urea for 25 hours. 


was not changed after incubation in 4 or 8 M urea at 33° for 26 hours. 
The optical rotatory dispersion of lysozyme in 0, 6 and 8 M urea obeys 

a simple Drude law. The dispersion constant, 4, was obtained by the 

least square method from the Lowry plots (1/{a@] vs. #.) The results 
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obtained are shown in Table I. The dispersion constant was not changed 
after lysozyme had been incubated for 26 hours at 33°. The dispersion 
constant was only slightly decreased by increase in urea concentration. 

The effect of urea on the intrinsic viscosity, dispersion constant, and 
activity of lysozyme are summarized in Table I. 


DISCUSSION 


The intrinsic or reduced viscosity of native lysozyme was determined 
by Glazer (6), Léonis (2), Yang and Foster (0), Jirgensons 
(11), and one of the present authors (8). These values obtained were very 
divergent, being between 0.025 (2) and 0.05 (10). Previously however, one 
of the authors found that the reduced viscosity was 0.035 (8), which is in 
good agreement with the value for the intrinsic viscosity obtained in the 
present experiment. 

The optical rotatory dispersion constant of native lysozyme was reported 
to be 257 (12) or 254my (13). These values are in good agreement with 
the present value of 260 my. 

Fig. 2 summarizes our results on the denaturation and inactivation of 
lysozyme by urea. 

As shown in Table I and Fig. 2, the intrinsic viscosity in 8M urea 
(pH 6.4) at 33.0° was the same as that of native lysozyme. Furthermore, 
compared with other proteins in urea solutions, the decrease in optical 
rotatory dispersion constant of lysozyme in 8M urea was very small. 
Therefore the secondary and tertiary structures of the lysozyme molecules 
are not destroyed in 8M urea. The decrease in the dispersion constant in 
8 M urea was so small that lysozyme cannot be considered to be denatured. 
Nevertheless, the stability of lysozyme activity decreased in solutions of 
urea more concentrated than 4M at 33°. 

Previously, one of the present authors found that the reduced viscosity 
increased with rise in temperature in over 4M urea (7) and that the area 
of the lysozyme monolayer spread from the urea solutions was also increased 
in over 4M urea (6, 8). Therefore. though the inactivation of lysozyme 
(curve (III)) does not correlate with the intrinsic viscosity (curve (IV)) and 
dispersion constants (curve V)) at the same temperature, the inactivation is 
parallel to the change in reduced viscosity at higher temperatures (curve 
(VI) and (VIII)) and to the expansion of the monolayer (curve (IX)). 

Therefore lysozyme is inactivated by urea without any accompanying 
large change in the secondary and tertiary structures which would be 
reflected by a change in the intrinsic viscosity and optical rotatory dispersion 
constants. However, the fine structure of the lysozyme molecule may be 
changed in over 4M urea, because heat or surface treatment of lysozyme 
increased the reduced viscosity and area of the monolayer in over 4M 
urea. No change in the fine structure of the lysozyme molecule, which 
might be responsible for its inactivation, was detected in the present ex- 
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periments. An increase in ultraviolet absorption spectrum of lysozyme was 
observed in urea solutions. However it is difficult to explain the increase 
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Fic. 2. Effect of urea on activity (4), monolayer expansion 
(6, 8), reduced viscosity (7), intrinsic viscosity, and optical rotatory 
dispersion constants. Curve (I): Activity measured in urea solu- 
tions after lysozyme had been preincubated with urea for 1 hour. 
Curve (II): Activity measured in the absence of urea after 
lysozyme had been preincubated with urea for 4 hours. Curve 
(II): The same as curve (II) except that the preincubation period 
was 25 hours. Curve (IV): Instrinsic viscosity of lysozyme at 
33.0°. Curve (V): Optical rotatory dispersion constant of lysozyme 
at 33°. Curve (VI): Reduced viscosity of lysozyme at 25.0. 
Curve (VII): Reduced viscosity at 40°. Curve (VIII): Reduced 
viscosity at 55°. Curve (IX): Relationship between areas of 
lysozyme monolayers at 2 dynes/cm. and urea concentrations in 
spreading solution. 


in terms of the structural change of lysozyme molecule (/4). Therefore, 
the inactivation of lysozyme by urea differs from that of a-chymotrypsin 
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and trypsin. As shown by Harris (5) in the latter cases the change in 
viscosity was in parallel with inactivation. 


SUMMARY 


To study the relationship between changes in activity and the physico- 
chemical properties of lysozyme, we measured the intrinsic viscosity and 
optical rotatory dispersion constants at various concentrations of urea. 

The intrinsic viscosity of lysozyme in 8M urea was the same as that 
of native lysozyme at 33.0°. The dispersion constant of lysozyme in 8M 
urea was only slightly smaller than that of the native protein. 

The inactivation of lysozyme by urea was not in parallel with the 
change in the viscosity and the dispersion constant at 33°. However, the 
inactivation and the change in reduced viscosity of lysozyme at higher 
temperatures were in parallel. It was suggested that a change in fine 
structure of the lysozyme, which was not reflected by changes in the intrinsic 
viscosity or dispersion constants, was responsible for its inactivation. 


The authors wish to express their hearty thanks to Prof. T. Isemura of the 
Institute and to Prof. M. Funatsu and Dr. K. Hayashi of the Kyushu University 
for their encouragements in the present experiments. 
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Although some reports have been issued on the preparation (/—3) and 
characterization (3, 4) of ribonucleic acid (RNA) in yeast, the most of them 
were done on RNA from whole cell which contains various RNA’s. To 
give any evaluation for the properties of RNA, it is desirable to study 
RNA biologically and physically well-characterized. Current studies have 
shown that the cytoplasmic ribonucleoprotein particles from various sources 
exists in relatively homogeneous state in respect to their molecular size 
(5-8) and play the role in protein biosynthesis (9-1/2). Among them, the 
ribonucleoprotein particle isolated from yeast extract by Chao and 
Schachman (5) has extremely uniform size, and they called it yeast 
80S particle. Webster (/5) suggested its participation in protein synthesis. 
Recently some reports have been presented on RNA’s prepared from 
ribonucleoprotein particles of animal sources (/4-/6). Present paper deals 
with preparation and some properties of RNA from yeast 80S particle. 


MATERIALS 


Yeast—Baker’s yeast (Saccharomyces cerevisiae, strain Kaneka) was grown in peptone- 
glucose medium (/7), harvested during the logarithmic phase and washed with buffer 
solution for the extraction of particles (see below) to free from the culture medium. 

Preparation of 80S Particle—The preparation of 80S particle was carried out by the 
method of Chao and Schachman (5) with slight modifications. Yeast cells were ground 
with quartz sand for 20 minutes and mixture of sand and broken cells was suspended in 
0.005 M K-phosphate buffer containing 0.001 4 MgSO, and 0.75x 107? M CaCl, pH 7.0. 
The extract was centrifged at first at 2,000 r.p.m. for 20 minutes to remove the sand, 
intact cells and cell debris, and then centrifuged at 10,000 r.p.m. for 20 minutes. The 
precipitate was discarded. The supernatant was centrifuged at 40,000 r.p.m. for 60 
minutes in a Spinco ultracentrufuge model L, No. 40 rotor. The pellet was resuspended 
in the same buffer solution and the same process was repeated. In the case of the large 
scale preparation, particle was spun down at 30,000 r.p.m. for 90 minutes using a Spinco 
ultracentrifuge model L, No. 30 rotor. All the procedure for the preparation of 80S 
particle was carried out below 5°. 


METHODS 


Sedimentation—Ultracentrifugal analyses were made in a Spinco ultracentrifuge model 
E using a schlieren optical system. Sedimentation constants were denoted as Svedberg 
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unit at 20°, Sso,w,. Except for the case especially mentioned, analyses were done in 0.1 
to 0.3g. per 100ml. solution of RNA and correction to zero concentration was not made. 
Viscosity—Viscosity measurements were made with a Ostwald viscosimeter at 20.0°. 

Diffusion—Diffusion measurements were done in a Spinco electrophoresis-diffusion 
model H using a schliren optical system at 0.5°. Diffusion constants were determined as 
the value at 20°, Dyo,w,.- 

Absorbancy—The dependence of extinction coefficient at 258my on the temperature 
was determined in a Cary spectrophotometer model 14 with the use of cell compartment 
in which temperature-controlled water circulated from thermostat. Measurements were 
done after equilibrium value was attained at each temperature. 

Optical Rotation—Optical rotation was measured at 589my in a Rudolph photoelectric 
polarimeter model. 200 with the sodium arc as the light source. 

Determination of Concentration—The concentration of RNA was determined by the me- 
asurement of absorbancy. ‘The extinction coefficient at 258my of the solution containing 
lg. of RNA per 100ml. of 0.01 4 K-phosphrte buffer, pH 7.0, is 195. 

Chemical Analysis—Phosphorus analysis was made with the method of Allen (J8). 
Nitrogen content was determined by micro-Kjeldahl analysis. Protein content was deter- 
mined by Lorwy’s method (19) and denoted as crystalline ovalbumin equivalent. Deoxy- 
ribonucleic acid was determined by cysteine-H,SO, method (20). Determination of relative 
molar ratio of bases was done as usual. Thus, RNA was hydrolysed with 1 N HCl 
for 1 hour at 100°. The hydrolysate was chromatographed on filter paper (Toyo Roshi 
No. 51 A) with ¢ert-butanol-HCl-water (27). Pyrimidine nucleotides and purine bases 
separated were eluted with 0.1 NV HCl and the amount of each substance was determined 
referring to the corresponding molar extinction. 


PREPARATION AND RNA 


Purified 80S particle was almost homogeneous ultracentrifugally and 
showed almost the same sedimentation constant as that of Chao and 
Schachman (J) (Fig. 1). Fig. 2 shows the zone electrophoresis pattern 


Fic. 1. Ultracentrifuge pattern of yeast 80S particle 
in 0.005 M K-phosphate buffer containing 0.001 14 MgSO, 
and 0.75 10-3 M CaCl,, pH 7.0, 12 minutes after reaching 
speed of 42,040 r.p.m. 
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on starch. The peak of RNA was almost symmetrical, but a little trailing 
of protein was observed. 


OPTICAL DENSITY ( at 260 or 750 mu) 


Fic. 2, Zone electrophoresis pattern of yeast 80S particle on starch. 
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Determinations were done for 
Electrophoresis run was carried out 


at 25 volts per cm. for 10 hours in 0.005 M K-phosphate buffer, containing 0.001 
M MgSO, and 0.75 10-3 M CaCl. 
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Fic. 3. Recovery of RNA in the aqueous phase after 
the separation of phenol mixture of various pH. 

80S particle in dilute buffer solution was mixed with 
phenol. The mixture was stirred for 1 hour and adjusted 
the pH with addition of HCl or KOH. Aqueous phase 
was separated by centrifugation at 10,000 r.p.m. for 10 
minutes. RNA released in the aqueous phase from the 
phenol mixture of various pH was determined and denot- 
ed as the percentage of RNA in 80S particle. 
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The preparation of RNA from 80S particle was carried out by the 
modification of Kirby’s phenol method (22). 80S particle in 0.005 M K- 
phosphate buffer containing 1.0x10-° MgSO, and 0.75x 107? M CaCl, 
pH 7.0, was mixed with the equal volume of redistilled phenol (90 per cent 
v/v) and stirred for 1 hour. At this step the pH of the mixture is important 
for the good recovery of RNA. As shown in Fig. 3, recovery of RNA in 
the aqueous phase depends remarkably on the pH of the mixture. The 
more the pH of the mixture was increased, the more the RNA released in 
the aqueous phase increased. As the pH of the mixture of phenol and 
solution in dilute buffer is always about 5, it is required for the good 
recovery of RNA to raise the pH of the mixture. So the mixture was 
immediately titrated to pH 7.0 by dropwise addition of 1N KOH. After 
standing for 10 minutes in ice, the mixture was centrifuged for 10 minutes 
at 10,000 r.p.m. to separate phenol and aqueous phases. The turbid aqueous 
phase was pipetted out. After washing the residual phenol with 0.01 M 
K-phosphate buffer, pH 7.0, the aqueous phase was separated by the same 
manner. The aqueous phases were combined and centrifuged for 20 minutes 
at 10,000r.p.m.. The phenol further separated was discarded. To the 
aqueous solution containing RNA mixed with potassium acetate to final 
concentration of 2 per cent were added two volumes of cold ethanol 
adjusting pH to 7.0 by the addition of 1N HCl. After 10 minutes, the 
precipitate was collected by centrifugation. The precipitate was redissolved 
in 0.01 M K-phosphate buffer, pH 7.0. Ethanol precipitation and redissolu- 
tion in buffer solution were repeated twice and finally the RNA solution 
was centrifuged at 100,000xg for 10 minutes to eliminate the insoluble 
matter. The supernatant was dialyzed for 3 to 4 hours against 0.01 M@ K- 
phosphate buffer, pH 7.0. The amount of RNA finally obtained was 75 to 


80 per cent of that found in original particle. All the procedure was 
carried out below 5°. 


SOME PROPERTIES OF RNA 


Sedimentation pattern of RNA in 0.1 44 KCl containing 0.01 4 K- 
phosphate buffer, pH 7.0, was shown in Fig. 4. It gave two boundaries 
with trace amount of RNA of slowly sedimenting component. Fig. 5 shows 
the dependence of sedimentation constant on the concentration of RNA. 
Although the determinations were done only in three points, each plot 
fitted well to the the straight line. So extrapolation to zero concentration 
was made and sedimentation constants were determined as 28S and 19S, 
respectively. The ratio of the amount of 28S component to 19S component 
was about 3 judging from the area under the peak. 

When the preparative procedure was carried out by the method of 
Gierer and Schramm (23), that is shaking with phenol for 8 minutes 
and removal of phenol with ether, in which all the procedure was completed 
in | hour, the same sedimentation boundaries and velocities were obtained. 
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Fic. 4. Ultracentrifuge pattern of RNA prepared from 
yeast 80S particle. 

0.76¢. per 100ml. of 0.144 KCI containing 0.01 4 
K-phosphate buffer, pH 7.0, 16 minutes after reaching 
speed of 52,420 r.p.m. 
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Fic. 5. The dependence of sedimentation constant on 
the concetration of RNA in 0.1 M KCl containing 0.01 M 
K-phosphate buffer, pH 7.0. 

—O-— shows the fast sedimenting component and 
—@— the following one. 


Viscosity data are shown in Fig. 6. 7sp,e in 0.1 M@ KCl containing 0.01 
M K-phosphate buffer, pH 7.0, practically did not depend on the concen- 
tration of the solution. Intrinsic viscosity of RNA in saline was determined 
as 0.55 dl./g.. On the contrary, RNA solution dialyzed for 24 hours against 
distilled water with frequent change of external water showed high viscosity 
and its ysp/e increased with the decrease of the concentration of RNA. 

Diffusion experiments were carried out on the RNA solution of 0.57 
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and 0.31 g. per 100ml. of 0.1 M@ KCI containing 0.01 M K-phosphate buffer, 
pH 7.0, and diffusion constants calculated by the moment method were 
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Fic. 6. The dependence of yspe of RNA of yeast 80S particle on 
the concentration. 

—©-— shows the viscosity of RNA in 0.1 M@ KCI containing 0.01 M K- 
phosphate buffer, pH 7.0, —@— shows the viscosity of RNA dialyzed 
against distilled water for 24 hours and arrow shows the viscosity of water 
dialyzed RNA in saline. Measurements were made at 20.0°. 


1.24 10-7 and 1.05x 10-7 cm.?/sec., respectively. Assuming diffusion constant 
to increase linearly with the rise of concentration of RNA, extrapolated 
value to zero concentration, D8, w, was estimated as 0.82 10-*cm?./sec.. 
Ca}5s9 in 0.147 KCI containing 0.01 44 K-phosphate buffer, pH 7.0, was 
190° at 11° and that of alkaline hydrolysate neutralized with HCl was 20°. 
Fig. 7a shows the sedimentation pattern of the RNA which was obtained 
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Fic. 7. Ultracentrifuge pattern of variously treated RNA of yeast 80S particle. (a), 
RNA prepared by phenol at 80° for 10 minutes. (b), RNA prepared by phenol at 40° 
for 30 minutes. (c), RNA standing in cold in the diluted state (0.1 g. per 100 ml.) and 
then collected by ethanol precipitation. (d), RNA dialyzed overnight against 0.001 4 
EDTA in 0.01M K-phosphate buffer, pH 7.0. All the run was done on the RNA of 0.1 to 
0.3g. per 100 ml. of 0.01 M K-phosphate buffer, pH 7.0, 8 minutes after reaching speed 
ot 59,780 r.p.m. 
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by the treatment of 80S particle with phenol at 80° for 10 minutes. In 
this case, fast sedimenting component completely disappeared and relatively 
broad peak was observed in the range of 5S*. When phenol treatment 
was carried out at 40° for 30 minutes, the existence of 23S component was 
observed with 5S one (Fig. 7b). 

The dependence of the optical density on temperature was determined 
on RNA in 0.6! M K-phosphate buffer, pH 7.0, and the results are shown 
in Fig. 8. The steep increase of optical density was observed between 30° 
and 40°. After rising the temperature to 76°, measurements were done in 
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Fic. 8. The dependence of optical density at 258my of RNA 
of yeast 80S particle in 0.01 M K-phoshate buffer, pH 7.0, on 
temperature. 

—O-— shows in the course of rising the temperature and 
—X-w— shows in the course of lowering temperature. 


decreasing temperature. Optical density below 40° was shown to be con- 
sistently higher than the initial value. These results show that the irre- 
versible process caused by temperature occurs around 40°. 

In the course of these studies some aspects on the stability of the RNA 
were gained. Even if the RNA was dialyzed against 0.01 44 K-phosphate 
buffer containing 0.001 44 MgSO,, pH 7.0, overnight in the cold, or standing 
at 0.5° for 4 days in 0.1 44 KCI containing 0.01 44 K-phosphate buffer, pH 
7.0, the decrease of sedimentation constant was not observed practically. 
But dialysis against distilled water sometimes resulted in the fall of sedi- 


* In the following experiments, as the sedimentation constants were measured for 
the solution in 0.014 K-phosphate buffer, direct comparison is not possible due to the 
charge effect anticipated in such a low ionic strength. The value of 23S obtained on 
“standard RNA” (0.1g. per 100ml.) in 0.01 M@ K-phosphate buffer may be compared 


with following data. 
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mentation velocities, especially in the diluted state, 0.1g. per 100ml. 14S 
and 11S were gained (Fig. 7c). Dialysis against 0.001 AZ ethylenediaminetetra- 
acetic acid (EDTA) in 0.0! 4 K-phosphate buffer (pH 7.0) caused profound 
decrease of sedimentation constants. Fast sedimenting component com- 
pletely disappeared and relatively broad peak having about 5S appeared 
(Fig. 7d). Its boundarry shape and velocity in sedimenting run was similar 
to that of RNA prepared with phenol at 80° (see Fig. 7a). 

The results of chemical analysis are tabulated in Table I. Phosphorus 


Tase I 
Chemical Composition of RNA from Yeast 80S Particle 


Adenylic acid moles per 100 moles of nucleotides 26.8 


Guanylic acid moles per 100 moles of nucleotides Lcd) 
Cytidylic acid moles per 100 moles of nucleotides 19.2 
Uridylic acid moles per 109 moles of nucleotides 26.1 
phosphorus g. per 100g. of dry weight Lee! 04) 
nitrogen g. per 100g. of dry weight 11583 oe (Se 
DNA not detectable 
protein g. per 100g. of dry weight below 4.2 


The number in parenthesis means the calculated value from 
the nucleotide composition regarding the RNA as potassium salt. 


50 


AS) 


RATE OF LIBERATION 


10 20 
TIME (C hours ) 


Fic. 9. Liberation of acid soluble nucleotides during the incubation 
of RNA of of yeast 80S particle in 0.01 M K-phosphate buffer. 


_  0.3g. of RNA in 100ml. of 0.01 4 K-phosphate buffer, pH 7.0 was 
incubated in the presence (—OQ—) and in the absence (—@—) of 0.01 4 
EDTA, After the various time intervals a portion of the sample was taken 
up and mixed with equal volume of 1.0N HCl. Precipitate was removed 
by centrifugation and supernatant was diluted 5 times with water to read 
the optical density at 260my. The rate of liberation was denoted as the 
percentage of its absorbancy to that of alkaline hydrolysate. 
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and nitrogen contents show quite coincidence with that of calculated value 
from the nucleotide composition. As shown in Table I, RNA preparation 
contains below 4 per cent of protein, it seems possible to include trace of 
ribonuclease. RNA solution was incubated at 37° and after various intervals, 
a portion of solution was taken up and mixed with the equal volume of 1 
N HCl in the cold. The precipitate was spun down and the supernatant 
was diluted to final concentration of HCl of 0.1 N. Its absorbancy at 260 
my: was measured (Fig. 9). In the absence of EDTA, the liberation of acid 
soluble nucleotides was dot practically observed until 12 hours, but in the 
presence of EDTA, the remarkable liberation of them was observed. Pre- 
incubation with the equal weight of pronase (proteinase from Streptomyces 
griseus) at 37° for 30 minutes lowered the rate of them (Table II), so the 


TABLE II 


Changes of the Rate of Liberation of Acid Soluble Nucleotides from 
RNA of Yeast 80S Particle by Various Treatments 


| 0 hours me hours _ 
— ——— =: | ne eee % 
ncubated with pronase at 37° | 
for 30 min. 3.0 | 1.0 
Heated at 80° for 10 min. 1.0 | 19.5 


Non 0 | 0 


RNA treated was incubated with 0.01 M EDTA in 0.01 M@ K- 
phosphate buffer, pH 7.0 at 37° for 12 hours. 

The rate of liberation was denoted as percentage of the acid 
soluble nucleotides to all the nucleotide. 


liberation of acid soluble nucleotides may be regarded to be caused by the 
contamination of ribonuclease. RNA prepared with phenol at 80° still 
liberated soluble nucleotides in the presence of EDTA. Indeed, its activity 
was not destroyed by incubation at 80° for 10 minutes (Table I). 


DISCUSSION 


RNA prepared from yeast 80S particle by phenol at low temperature 
has extremely high sedimentation constant comparing with other prepara- 
tions of RNA from yeast (3, 4), and relatively uniform size even though a 
part of sharpness of sedimentation pattern may be caused by the hypersharp 
effect. Although it is difficult to give the exact model of the molecule at 
present, some estimation for it can be made from the present data. The 
specific rotation of the RNA is similar to that of tobacco mosaic virus 
RNA (24) at room temperature. Current studies show that a portion of 
the optical rotation of macromolecule reflects the helical content (25). In 
view of these considerations Doty ef al. considered (24) that the specific 
rotation of 180° at 589 my of tobacco mosaic virus RNA corresponds to 40 
to 60 per cent of helix content by comparing with absorbancy at 258 mys 
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depending on temperature. So it is supposed that RNA of yeast 80S particle 
consists of helical region and random coil. 

On the other hand, RNA in water shows higher viscosity than in 
electrolytes. This behavior is characteristic of flexibly coiled synthetic 
polyelectrolytes (26). But in the preliminary experiments RNA dialyzed 
against EDTA showed much higher viscosity in water. This fact gives 
room that metal may hold some parts of RNA in the rigid form. The 
detailed feature is now under study. From the above consideration the 
RNA is described as a molecule which consists of the relatively rigid helical 
part and the flexible random coil structure. 

For the configurational properties, Flanklin ef al. suggested (27) in 
the studies of X-ray diffraction diagram that isolated RNA from 80S 
particle is not similar to that in the particle in which RNA might exists 
in helical structure. RNA isolated in the present manner may have some 
helical region. It can be considered that some configurational properties 
of RNA in particles was kept during the preparative procedure. 

For the determination of the molecular weight, the present experiments 
gives only tentative estimation, largely due to multicomponent system. As 
28S component occupies prevailing amount, the calculation was made on 
this component assuming that apparent viscosity and diffusion data of this 
preparation largely reflect those of 28S component. 2.0X10® was gained 
from the sedimentation and diffusion data with few assumption, except for 
the use of partial specific volume of 0.58 (4). On the other hand, assuming 
the RNA to be flexible random coil, the molecular weight was calculated 
by Mandelkern-Flory equation (28), 


3/2 $y: (a )1/3- 4% 


M" =@12 P-1— Vo) 


where !/3P-! was given by them to be 2.5x10®, From the value of sedi- 
mentation constant and intrinsic viscosity, the molecular weight was obtained 
as 1.5x 10°, 

Chao and Schachman (5) estimated the molecular weight of 80S 
particle to be 4.1 10°. Along with the RNA content in this particle of 43 
per cent, it was suggested that the maximum molecular weight of RNA is 
1.7x10® (29). Although the molecular weight obtained here is tentative 
one, it is not so far from the expected value assuming one particle contains 
one molecule of RNA. The RNA prepared in the present manner can be 
estimated as native one in regards to the molecular size. 

Hall and Doty (6) found in temperature-optical density profile that 
RNA melts at critical temperature by disruption of hydrogen bonds. In 
the present case, RNA melts around 40°, and even if cooled to room 
temperature it does not return reversibly. Indeed, RNA treated above 40° 
completely dissociated to smaller units which have relatively uniform size. 
Moreover, at this temperature, the coexistence of intact and dissociated 
RNA was observed. In the range of low temperature, EDTA caused such 
a dissociation. In spite of the presence of ribonuclease which acts in the 
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presence of EDTA, it is conjected that such a dissociation may be caused 
by disruption of linkage which connects the basal sub-units rather than by 
random hydrolysis by ribonuclease. At any rate, RNA prepared by the 
detergent from yeast described by Crestfield et al. (3) is supposed to 
be a sub-unit RNA and it is emphasized that the preparation must be 
carried out in the temperature below 40° and in the absence of EDTA for 
the characterization of native RNA. 

RNA of 80S particle is considerably homogeneous in its size with the 
exception of accompanying 19S component. The latter component was 
frequently observed in phenol RNA from other sources (/4, 16, 30). Whether 
it is in a intact state or partially degradaded one cannot yet be determined. 
From the fact that prolonged dialysis against distilled water causes the 
increase of the second component, the latter explanation is plausible. 

From the present results RNA may be supposed to be uniform in size, 
though the compositional heterogeneity is not known. But its possibility 
exists from the following reason. The ratio of release of RNA in aqueous 
phase followed by phenol treatment much depends on pH. Recently 
Sibatani ¢é al. ($1) found that nucleotide composition and metabolic 
activity differ from each other significantly between aqueous and phenol 
phase. These facts suggest that compositional heterogeneity might exists. 
in the uniform size RNA of yeast 80S particle. 


SUMMARY 


1. A method of preparation of RNA from yeast 80S particle which 
gives high yield and consistently high molecular weight was described. The 
pH and temperature are especially important. 

2. RNA prepared in such a manner has the value of 28S along with 
19S in sedimentation constant, 0.55 dl./g. in intrinsic viscosity and 0.82 x 10-7 
cm.?/sec. in diffusion constant. 

3. RNA dissociates irreversibly into small sub-units (about 5S) above 
40° or in the presence of EDTA in low temperature. The significant 
change in optical density occured around 40°. 

4. RNA prepared by phenol method still contains ribonuclease and 
liberated acid soluble nucleotides especially in the presence of EDTA. 

5. From the viscosity behavior and the specific rotation of 190° at 589 
my, configurational properties of RNA was discussed. 
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On the basis of kinetic studies on the effect of hydrogen ion concentra- 
tion upon the activity of turnip peroxidase D, it was inferred previously 
that an a-ammonium group in the protein moiety may play an essential 
role in the reaction of Complex IJ with hydrogen donor molecules (J). 

The experiments in the present paper were performed to obtain further 
information as to the nature of an essential group in the protein moiety 
of the enzyme by investigating the effect of various substances which were 
known to affect specifically a definite group in protein molecules. 


MATERIALS AND METHODS 


The enzyme used throughout this work was turnip peroxidase D prepared as described 
previously (2). The method by which the enzyme was treated with chemical reagents is 
described below in the reports on the individual experiments. The activity of the enzyme 
modified by chemical reagents was estimated by the method described previously, deter- 
mining the value of k, (the rate constant of the reaction of formation of Complex I) and 
that of kg* (the rate constant of the reaction of Complex II with hydrogen donor) (J). 
The reaction mixture for the determination of k, consisted of hydrogen peroxide, 3.6 x 
10-5 M; guaiacol, 1.0 10-3 M; phosphate buffer, pH5.8, 3.2x 10-2 MW; and 0.1ml. of enzyme 
as indicated, in a total volume of 3.13ml. The reaction mixture for the determination 
of kg contained hydrogen peroxide, 2.2x10-*M; guaiacol, 1.8x107°M; others being the 
same as in the former experiment. 


RESULTS 


Effect of Acetic Anhydride—Acetic anhydride is known to be a superior 
reagent for acylating amino groups of proteins, since it reacts with amino 


* As described previously (7), the notation ‘‘kg”’ is used for convenience and does 
not mean the rate constant in the usual sense, but only means the resultant of several 
rate constants. However, it can be approximately regarded as k, or k,/Kw assuming 
Mechanism A or B, respectively, in other words, a constant concerning the rate of reaction 
between Complex II and hydrogen donor (7). For the purpose of the present work, it is 
enough to investigate the effect of chemical reagents on the value of kg. 
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groups in a relatively specific manner and is scarcely harmful to native 
proteins (3). As described in the legend of Fig. 1, the enzyme was treated 
with acetic anhydride for various time periods, taking into account the 
conditions described by Fraenkel-Conrat (4), and subjected to the 
measurement of enzyme activity. Fig. 1 shows a typical example of the 
experimental results. The relative value of k, and that of ka are plotted 
against the reaction time, during which the enzyme had been in contact 


lea T ie a oe 


100: 


50 


RELATIVE VALUE (%) 


as ee 
0 20 40 60 
REACTION TIME WITH ACETIC ANHYDRIDE 
(minutes) 


Fic. 1 Effect of acetic anhydride upon the activity of turnip 
peroxidase D 

To 0.4ml. of the enzyme solution (3.0x1074M/) was added 
0.4ml. of saturated solution of sodium acetate, and the mixture 
was cooled in an ice bath and 10 yl. of acetic anhydride added 
while stirring. Then, 0.1 ml. each of the mixture was taken out 
at successive intervals and poured into 400ml. of water to stop 
the action of the reagent*. Without delay, the activity of the 
enzyme in the diluted solution was measured using 0.1 ml. of the 
diluted solution by the method described in the text. The 
relative value of k, and kg obtained are plotted as open triangles 
and circles, respectively, against the reaction time, during which 
enzyme was in contact with the reagent. Solid triangles and 
circles mean the relative value of the rate constants obtained when 
another 10 yl. of acetic anhydride was added at ten minutes after 
the initial addition and the same method as described above was 
applied. 


* It is reasonable to consider that this dilution actually stops the action of acetic 
anhydride on the enzyme and that the extremely small quantity of the reagent which 
comes into the reaction mixture for the determination of k; and kg, has no effect for the 
measurement, since the rate of the reaction of the sample at zero time agreed with the 
rate in the absence of the reagent. The same was true in the case of the other reagents 
described below. 
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with acetic anhydride. As may be seen from this figure, kj and ka decreased 
rapidly within ten minutes, but they remained constant thereafter, at levels 
of 60 and 30 per cent of the initial values, respectively*. 

The absorption spectrum of the enzyme was unaffected by the treatment 
with acetic anhydride, except a slight decrease in the absorbance (90 per cent 
of the initial value remaining after 80 minutes from the moment of the 
introduction of the reagent). The fact indicates that the reagent has little 
influence on the hematin part of the enzyme. 

Effect of Nitrite—It is known that nitrous acid reacts not only with 
aliphatic amino groups to deaminate, but also with sulfhydryl, or phenolic 
group of proteins (5, 5). However, in the presence of excess nitrous acid 


100 


50 


RELATIVE VALUE (%) 


0 50 100 
REACTION TIME WITH NITROUS ACID 
(minutes) 


Fic. 2 Effect of nitrous acid upon the activity of 
turnip peroxidase D 

To 0.2 ml. of the enzyme solution (2.61074 M) was 
added 1.0 ml. of acetate buffer (0.1 M@, pH 4.1). The action 
of nitrous acid upon the enzyme was initiated by the addi- 
tion of 0.2ml. of sodium nitrite of 1.3.M at 25°, and 0.1 
ml. each of the mixture was taken out at successive intervals 
and poured into 200ml. of water to stop the action of the 
reagent. Then, the activity of the enzyme in the diluted 
solution was measured by the method described in the text. 
The relative values of k; and kg obtained are plotted as 
solid circles and open ones, respectively, against the reac- 
tion time, during which the enzyme was in contact with 
nitrous acid. 


* That perfect inhibition was not found should not be ascribed to the insufficiency 
of the amount of the reagent used in this experiment, since the addition of another 10 
pl. of acetic anhydride at ten minutes after the first addition of the reagent revealed no 
change in the values of k, and kg as shown in Fig. 1. 


378 T. HOSOYA 


the deamination proceeds much more rapidly than the reaction with phenolic 
group (6). Free sulfhydryl group is not present in the enzyme as described 
below. Therefore, it is reasonable to consider that nitrous acid attacks only 
amino groups of the protein moiety of turnip peroxidase D under the present 
conditions (Fig. 2). The result illustrated in Fig. 2 shows that both 4; and 
ka decreases with the reaction time, the former more slowly than the latter. 

Effect of 2,4-Dinitrobenzene Sulfonic Acid—This reagent is also known to 
react with amino groups of proteins (7). The enzyme was treated with 
the reagent under the conditions described in the legend of Fig. 3. The 
measurement of enzymatic activity showed that k,; and ka decreased together 
with the reaction time (Fig. 3). 


RELATIVE VALUE (%) 


ae ee Ss ee SS eed 
0 


2 4 6 8 
REACTION TIME WITH 2,4-DINITROBENZENE 
SULFONIC ACID Chours ) 
Fic. 3. Effect of 2, 4-dinitrobenzene sulfonic acid upon 
the activity of turnip peroxidase D 
To 0.2ml. of the enzyme solution (4.6 x 10-4 M) was added 
1.0ml. of Na,GO3-NaHCOy buffer (0.2. M, pH 10). The mix- 
ture was cooled in an ice bath and 0.5ml. of 2, 4-dinitroben- 
zene sulfonic acid (0.15 M) added. 0.1 ml. each of the mixture 
was taken out at successive intervals and poured into 200 ml. 
of water to stop the action of the reagent. Then, the activity 
of the enzyme in the diluted solution was measured by the 
method described in the text. The relative values of k, and 
kq obtained are plotted as solid circles and open ones, respec- 
tively, against the reaction time, during which the enzyme was 
treated with the reagent. 


Effect of p-Chloromercuribenzoate—p-Chloromercuribenzoate did not inhibit 
the peroxidase reaction at the final concentration of 2.9x10-!M. (The 
reagent caused the enzyme to precipitate at the final concentration of 2.9x 
10°? M). This follows naturally since free sulfhydryl group could not be 
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detected by the present author through the spectrophotometric procedure 
described by Fraenkel-Conrat (4). 

Effect of p-Diazobenzene Sulfonic Acid—p-Diazobenzene sulfonic acid is a 
representative reagent coupling with imidazole and_ phenolic groups of 
proteins. The enzyme was treated with the reagent under the conditions 
described by Fraenkel-Conrat (4, but no change in the activity was 
found, indicating that the imidazole and phenolic groups of the enzyme 
protein are not essential for the peroxidase activity. 

Effect of Iodine—lodination of the enzyme protein was carried out in 
0.2 M Na,;CO;-NaHCO; buffer of pH 9.5, by the addition of varying amounts 
of iodine solution (0.005 M I, in 0.5M KI) at 0° (4). When 3moles of 
iodine was used per one mole of the enzyme, no change of k; and ka was 
found in the course of the reaction during 21 hours. However, when 15 
moles of iodine was used per one mole of the enzyme, the values of k; and 
ka decreased gradually to 58 and 53 per cent of the initial values, re- 
spectively. 


DISCUSSION 


The experiments described above have shown that the reagents which 
are known to react specifically with amino groups of proteins, namely acetic 
anhydride, nitrous acid, and 2,4-dinitrobenzene sulfonic acid, diminish the 
value of ka of turnip peroxidase D. The fact supports the view set forth 
previously on the basis of kinetic studies that a primary amino group of 
the protein moiety is essential for the reaction of Complex II with hydrogen 
donor. However, the finding that acetic anhydride seems to be unable to 
inhibit the reaction completely even if a sufficient quantity of the reagent has 
been used is difficult to be accounted for. Further investigation must be 
performed on the relation between the degree of acetylation of amino 
groups and the activity of the enzyme. 

The reagents mentioned above also diminished more or less the value 
of k;. The fact appears to be inconsistent with the view obtained from 
the kinetic studies that amino groups are not essential for the formation 
reaction of Complex I (J). However, the discrepancy is explained by as- 
suming that the dinitrophenyl and acetyl groups attached to the amino 
group* which might be situated rather near to the hematin prevent the 
approach of hydrogen peroxide to the iron atom of the hematin by the 
steric hindrance of these groups, especially of the dinitrophenyl group. The 
relatively slow decrease of k, in the case of the treatment with nitrous 
acid may support the view, since nitrous acid acts as a deaminating reagent 
and will not prevent the approach of hydrogen peroxide to the hematin. 
In this connection, it is interesting to note that the hematin of horseradish 
peroxidase was suggested to be somewhat buried in the protein moiety (8). 


* The amino group under consideration is not necessarily the essential group des- 


cribed previously (/). 
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In addition to the three reagents mentioned above, iodine also 
showed a slight inhibitory effect. However, the effect of iodine is some- 
what complicated, since iodine attacks not only sulfhydryl, phenolic, and 
imidazole groups, but also causes certain oxidative reaction (4). In view of 
the evidence of the absence of sulfhydryl group and the experimental result 
on the effect of diazobenzene sulfonic acid, the effect of iodine observed in 
the present experiment may be due to complicated oxidative reactions or 
denaturation of the protein. Actually, the enzyme was found to become 
insoluble after the treatment with iodine for one day followed by dialysis. 


SUMMARY 


1. When turnip peroxidase D was treated with acetic anhydride, 
nitrous acid, and 2, 4-dinitrobenzene sulfonic acid, the activity of the 
enzyme was found to decrease remarkably, rather owing to the decrease of 
the rate of reaction of Complex II with hydrogen donor. This finding 
seems to support the view set forth previously from kinetic studies that a 
certain amino group of the protein moiety of the enzyme may play an 
essential role in the reaction of Complex II with hydrogen donor. The 
rate of the formation of Complex I, however, also decreased more or less, 
especially in the case of the treatment with 2, 4-dinitrobenzene sulfonic 
acid. A possible cause of the decrease was discussed. 

2. The absence of free sulfhydryl group in the protein moiety of the 
enzyme was confirmed by kinetic and spectrophotometric studies. 

3. Diazobenzene sulfonic acid did not cause any loss of the activity of 
the enzyme. Iodine showed a slight inhibitory effect, which seemed, how- 
ever, to be due to the denaturation of the enzyme caused by the reagent. 
From these results, it may be inferred that imidazole and phenolic groups 
of the protein moiety are not essential for the activity of the enzyme. 


The author is indebted to Prof. N. Ui of Gunma University and Prof. Y. Ogura 
of the University of Tokyo for their invaluable advice and encouragement. This study 
has been supported in part by a Grant-in-Aid for Scientific Research from the Ministry 
of Education given to the Research Group on ‘‘ Mechanism of Enzyme Action.” 
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By TERUO SAWAI* 


(From the Laboratory of Biology, Aichi Gakugei University, Nagoya) 


(Received for publication, March 29, 1960) 


Experiments reported previously (/) suggested that the cells of Candida 
tropicalis var. japonica contain an amylase of unusually broad specificity, 
capable of hydrolyzing maltose and hetero a-glucosides as well as soluble 
starch and capable also of transferring glucose from a-phenyl glucoside to 
glycerol. Ratios among these various activities remained essentially constant 
after subjecting enzyme preparations to treatment with heat, acid or alkali, 
or to fractionation by paper electrophoresis or on ion exchange resin. 

The present experiments confirm and extend the concept that Candida 
amylase has a wide range of action. Strong support for the idea that all 
of the described activities are the attributes of a single enzyme has been 
obtained both from experiments involving zone electrophoresis, and from 
studies of inhibiton. 


EXPERIMENTAL AND RESULT 


Hydrolysis of Isomaltose and Limit Dextrins by the Candida Enzyme—Several 
authors have reported that mold enzymes capable of producing glucose from 
starch also are able to hydrolyze a- and f-amylase limit dextrins (2-5). 
In preliminary experiments Candida amylase, which produces glucose from 
starch, was also found able to attack residues resistant to a- and $-amylases, 
as well as isomaltose. The following experiments illustrate these actions, 
and provide data permitting their inclusion in the electrophoretic examination 
of Candida amylase. 

The a-amylase limit dextrin was prepared from glutinous rice starch by 
first treating the starch with a purified bacterial e-amylase (Nagase Co.), 
followed by two overnight treatments at 37° with saliva. From the boiled 
and concentrated digest, the a-limit dextrin was separated as a fraction 
between 60 and 95 per cent by volume ethanol. Reducing value by Somo- 
gyi’s method (6) indicated an average degree of polymerization of 7. The 
f-amylase limit dextrin was prepared from Lintnerized glutinous rice starch 
by two successive overnight treatments at 37° with wheat -amylase, obtained 
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according to the method of Meyer e¢ al. (9). This material was used in- 
stead of the high molecular weight $-amylase limit dextrin of native 
glutinous rice starch because it was known from unpublished experiments 
that native starch is less rapidly degraded by Candida amylase than partly 
hydrolyzed products such as soluble starch. Isomaltose was kindly supplied 
by Dr. Shibasaki of Tohoku University. 

For determination of pH-activity curves (Fig. 1), mixtures were prepared 
consisting of 1ml. of substrate (0.004 MZ isomaltose, 0.5 per cent a-amylase 
limit dextrin, or 1.0 per cent f-amylase limit dextrin), 0.5ml. McIlvaine 
buffer (pH range from 2.4 to 7.4), and 0.5 ml. of resin treated Candida enzyme 
solution (/). The latter contained (for mixtures with isomaltose, a- and f- 
dextrin respectively) 400, 220 or 150 units per ml. of enzyme solution based 
on capacity to hydrolyze Yashima Co. soluble starch (J). All tubes were 
incubated at 37° for 1.5 hours (isomaltose). 16 hours (a-dextrin), or 44 hours 
(8-dextrin). After incubation, S5ml. of 1 per cent sodium carbonate solu- 
tion was added to each tube, and the reducing power was determined by 
Somogyi’s method (6). After correction for the reducing values of con- 
trol mixtures in which the enzyme was omitted, the per cent hydrolysis 
was calculated for each substrate. 
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Fic. 1. pH-activity curves for the hydrolysis of 
a- and f-amylase limit dextrins and of isomaltose by 
Candida amylase. (v), a-amylase limit dextrin of 
glutinous rice starch, 0.25% final concentrrtion; (4), 
B-amylase limit dextrin of Lintnerized glutinous rice 
starch, 0.5% final concentration ; and ({_]), isomaltose, 
0.002 M final concentration. 


Fig. 1 shows the relative activity of the enzyme at different pH values, 
with the per cent substrate hydrolyzed at the optimal pH taken as 100 per 
cent. It is evident that this optimal is pH 4.0 for the hydrolysis of the three 
substrates, as has already been reported (/) for the hydrolysis of starch, 
maltose and hetero a-glucosides, and for transfer action upon a-phenyl gluco- 
side. This fact suggests that a single enzyme may be operating upon all 
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these substrates. i 

For obtaining information on activity vs. enzyme concentration, mixtures 
were prepared as above, but with buffer set at pH 4.0 and each substrate 
tested with amounts of enzyme ranging from 25 to 500 units per ml. of 
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Fic. 2. Relation between enzyme concentration and % hydro- 
lysis of a-amylase limit dextrin (Vv); of f-amylase limit dextrin 
(4); and of isomaltose ((]). See text for reaction conditions. 


enzyme solution. Fig. 2 shows the per cent hydrolysis of isomaltose and of 
a- and $-amylase limit dextrins plotted as functions of enzyme concentra- 
tion. These curves may be used as standards in estimating the potency of 
a given enzyme solution from the per cent hydrolysis of any of the three 
substrates. For this use, as in the case of the following experiment, the 
substrate concentration, time of incubation, and other conditions must of 
course be identical with those of the experiments of Fig. 2. 

Attempt to Separate the Various Activities of Candida Enzyme Preparations by 
Zoze Llectrophoresis—In an earlier experiment (J) a Candida enzyme prepara- 
tion was subjected to continuous paper electrophoresis, using barbiturate 
buffer of pH 8.1. There was no separation among the capacities to hydrolyze 
soluble starch, maltose and phenyl a-glucoside or in the capacity to cause 
glucosyl transfer from phenyl a-glucoside to glycerol. Nevertheless, it seemed 
worthwhile to extend the attempt at electrophoretic separation of the several 
activities of Candida preparations, by experiments involving different sets of 
conditions. 

Zone electrophoresis, with potato starch grains as the supporting me- 
dium, was selected as the basic technique (8). Compared with paper 
electrophoresis, it permitted longer exposure of the enzyme preparation to 
the electric field as well as the use of low pH values where adsorption might 
occur in the case of paper (7, 8). 

A number of experiments were carried out, using different buffer sys- 
tems (phthalate-HCl, borate-succinate, borate-phosphate) and different pH 
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values (ranging from 2.8 to 7.4). All 'gave results similar to those of the 
following experiments. 

Electrophoresis at pH 7.0 Quality grade raw potato starch, suspended in 
0.05 ionic strength borate-phosphate buffer (pH 7.0), was packed into a 45X7 
x1cm. horizontal plastic trough. After removal of excess buffer, a mixture 
of starch grains wet by the addition of ca. 2ml. of crude Candida enzyme 
solution (/) was introduced into al cm. slit cut across the starch block appro- 
ximately 6cm from the cathode. A constant potential of 350 volts (average, 
35mA) was applied for 29 hours at a temperature of approximately 10°-12°. 
The starch block then was cut crosswise into lcm. sections, each of which 
was extracted with 7 ml. of dilute (0.01 44) McIlvaine buffer, pH 4.0. 

In one experiment, the capacities to hydrolyze maltose and Yashima 
Co. soluble starch as well as to transfer the glucosyl group from a-phenyl 
glucoside to glycerol were determined for each fraction according to the 
procedures previously reported (/). In a second experiment, made under 
essentially the same conditions, the capacities to hydrolyze soluble starch, a- 
and f$-amylase limit dextrins, and isomaltose were examined. The latter 
three activities were assayed by the procedures of the experiment of Fig.‘ 2. 
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Fic. 3. Electrophoresis of Candida enzyme preparation 
in pH 7.0 phosphate-borate buffer. Activity (units) ex- 
presses capacity of individual fractions to hydrolyze solu- 
ble starch (@); to hydrolyze maltose (©); and to transfer 
glucosyl unit from a-phenyl glucoside to glycerol (xX). 


300 
G 
re 
=200 
= 
2 g STARTING 
> 100 g POINT 
= 
g ef : 

gia 
ol at el L Piary crear rms See eek 
30 25 20 15 10 ie) (0) 


DISTANCE (CM) FROM STARTING POINT 
Fic. 4. Electrophoresis of Candida enzyme preparation 
in pH 7.0 phosphate-borate buffer. Activity (units) ex- 
presses capacity of individual fractions to cause hydrolysis 
of soluble starch (@); a-amylase limit dextrin (7); - 
amylase limit dextrin (4); and isomaltose (fe): 
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As evident from Figs. 3 and 4, all six activities showed the same ele- 
ctrophoretic distribution. Fractions with maximal activity were found, in 
each case, to have migrated 21 to 22cm. toward the anode. The electro- 
phoretic migration toward the anode doubtless was actually much greater, 
since there was considerable endosmotic flow in the opposite direction. 

Electrophoresis at pH 2.8 An experiment, comparable to the above, was 
made using 0.05 ionic strength phthalate-HCl buffer, pH 2.8. The applied 
potential was 300 volts (average 30 mA) for 30 hours, and each | cm. section 
was assayed for all six activities. As shown in Fig. 5, the distribution 


= 300 

2 ie 

3 ey 
> 200/- STARTING oe 
[ad 

> 

S 

2 100b 


5 10) 5 10 i [S20 


Go 
E 
a 
2 
Se 
a 
2 
= 
< 
gy ° 
ogte oe 
as, ae 
oUt 1 ! 1 1% igo 
5 fo) 5 10 ite} 20 


DISTANCE (CM) FROM STARTING POINT 


Fic. 5. Electrophoresis of Candida enzyme 
preparation in pH 2.8 phthalate-HCl buffer. 
Symbols as in Fig. 3 and 4. 


curves for all enzymic activities were not significantly different from one 
another, either in shape or in position of the peak. Maximal activities 
were associated with a fraction that had migrated approximately 7 cm. 
toward the cathode. In this case, about 20 ml. of buffer was observed to 
have transferred from the anode to the cathode reservoir, which extent of 
electroendosmosis would account for at least 10cm. of movement to the 
cathode of the liquid phase in the starch block. Hence, it is likely that the 
real direction of electrophoretic migration of the enzyme was toward the 
anode. Accordingly, the isoelectric point of the Candida amylase is probably 
near 2.8, and may actually lie below the value. At any rate, these results 
of electrophoresis strongly support the concept that the Candida amylase 
itself has all the activities mentioned above. 
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Influence of Various Carbohydrates upon the Utilization of Soluble Starch and of 
a-Phenyl Glucoside by the Candida Amylase—If, as appears to be the case, the 
Candida amylase is able to split heterosaccharides, ¢.g., a-phenyl glucoside, 
as well as starch, this enzyme would be set apart from all other known 
saccharogenic amylases, including mold amyloglucosidases. In order to 
obtain further information bearing on this point, a comparison was made 
of the inhibitory effects of various carbohydrates on the capacities of a 
resin-treated Candida enzyme preparation to split soluble starch and a-phenyl 
glucoside. 

Each test mixture (T) comprised: 1 per cent Yashima Co. soluble starch, 
or 0.02 M a-phenyl] glucoside, in 0.14 McIlvaine buffer at pH 4.0, 2 
ml.; enzyme solution containing 200 units, 1 ml.; and carbohydrate solution 
used as inhibitor, |1ml. Final concentration of inhibitor was 0.05 W except 
in the case of soluble starch and $-amylase limit dextrin, where the final 
concentration was 2.5 per cent. Control mixtures of substrate plus enzyme 
(A), or of buffered substrate alone (B), were included in both the starch 
and a-phenyl glucoside experiments. Under these conditions, the starch- 
enzyme and a-phenyl glucoside-enzyme control mixtures (A) showed, 
respectively, 30 per cent and 26 per cent substrate utilization. 

After 20 hours’ incubation at 37°, 10 ml. of 1 per cent sodium carbonate 
solution was added to each mixture. In the case of mixtures with starch, 
Iml. of the alkalinized digest was treated with 35 ml. water, 2ml. of 0.5 N 
HCI, and 2 ml. of 0.008 4 I, in 0.08 KI; the starch content was estimated 
by measuring the absorbancy at 540 my. Per cent inhibition was calculated 
ee Tabs. -Aabs. 
“" Babs. -Aabs. 
alkalinized digest was treated with 13ml. of 0.1N NaOH and the free 
phenol estimated by measuring the absorbancy at 287 my. Per cent inhibi- 
Aabs. “Tabs. 100 

Aabs. i 

As illustrated in Fig. 6, there is reasonably close parallelism between 
the capacity of each of the inhibitory substances to suppress both utilization 
of starch and a-phenyl glucoside by the Candida enzyme preparation. The 
parallelism again gives strong support to the idea that a single enzyme in 
the Candida extract is responsible for the utilization both of soluble starch 
and a-phenyl glucoside. The almost complete arrest of both actions by 
maltose, in particular, appears difficult to interpret in any other way. 

Affinity of Substrates and of Inhibitory Substances for the Candida Amylase— 
Michaelis constants were determined for the major substrates of the 
Candida amylase, i.e. for soluble starch, maltose, a-phenyl and a-methyl 
glucosides. All experiments were carried out at 37° using resin treated 
enzyme solution (7). Enzyme concentration and time were adjusted, insofar 
as possible, to enable measurement of the initial velocity. Increase of 
reducing power was used for estimating reaction velocity with all substrates 
except a-phenyl glucoside, where the release of phenol was used. Kn, values 
were obtained from graphs plotted according to the procedure of Hofstee 


x100. For the mixture with a-phenyl glucoside, 2ml. of the 


ition was calculated as 
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Fic. 6. 
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the capacity of Candida amylase to utilize 0.5% solu- 


ble starch ( 


) or 0.01 M a-pheny! glucoside (----). 


Concentration of inhibitor carbohydrates was 0.05 M, 
except in the case of the dextrin and the soluble 
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Michaelis Constants of Substrates for Candida Amylase, and Dissociation 
Constants for Inhibitors of Starch Hydrolysis by the Enzyme 


‘ Second _| Dissociation 
Michaelis : ; constant, Bah Si 
Michaelis : ; Type of inhibition 
constant, Ki, regarding 
G constant, upon starch 
Km Km’ starch hodaaleat 
(10-3M) 10-3M hydrolysis a a 
c DEM) si eaORtN) 
Substrate or product 
Soluble starch 0.71(%)P 3-4(%)P _ — 
Maltose 0.2-0.3 | 3-4 0.5 Competitive 
| 
a-phenyl glucoside 0.5 — 1.4 Competitive 
a-Methyl glucoside 16 800-1800 20 Nearly competitive 
Glucose — — 2a Competitive 
Non-substrate 
B-phenyl glucoside _ — 17 Non-competitive 
Sucrose — — 43 Non-competitive 


1) Constants for soluble starch are expressed in per cent instead of M. 
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(10). In addition, where inhibition by excess substrate was obtained, Kn’ 
values were calculated (J/) according to the equation, Kn’=CS)?/Km, where 
(S] is the concentration of substrate at which reaction velocity is apparently 
maximal. The value of (S2 was taken from the graphs of reaction velocity 
vs. the logarithm of substrate concentration. 

A number of the sugars and glucosides that had been found to inhibit 
the hydrolysis of soluble starch (Fig. 6) were characterized, at least approxi- 
mately, by A; values and “type” of inhibition according to the procedure 
of Lineweaver and Burk (/2). Increase of reducing power again was 
used in estimating reaction velocity, except in the case of inhibition by 
maltose, where the starch-iodine color reaction was used. 

The data summarized in Table I shows that the Michaelis constants, 
Kn, of maltose, a-phenyl and a-methyl glucosides are of the same order, 
respectively, as the dissociation constants, K; expressing their inhibitory 
action on the hydrolysis of soluble starch. In agreement with the experiment 
of Fig. 6, increasing K; values characterized the series: maltose, a-phenyl 
glucoside, glucose, 8-pheny! glucoside, a-methyl glucoside, and sucrose. The 
type of inhibition of the hydrolysis of soluble starch is competitive in the 
case of maltose, a-phenyl and a-methyl! glucoside, and glucose; whereas, it 
is non-competitive in the case of the non-substrate carbohydrates, sucrose 


[ ny 


RECIPROCAL OF INITIAL REACTION VELOCITY 
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Fic. 7. Inhibitory effects of 0.005M a-phenyl 
glucoside, (x), and of 0.01M §-pheny] glucoside, 
(A), upon the hydrolysis of soluble starch by 
Candida amylase. (@) shows hydrolysis without 
inhibitor. 


and f-phenyl glucoside. The striking difference in action of the two isomeric 
phenyl glucosides is shown in the Lineweaver-Burk plot of Fig. 7. 
These data add evidence for the idea that soluble starch, maltose, a- 
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phenyl glucoside and a-methyl glucoside are substrates of one enzyme. It 
is rather unusual that hetero glucosides and starch should be split by the 
same enzyme, though this has been claimed for an enzyme in equine serum 
(14). The capacity of the Candida amylase to do so is strongly indicated 
by the present experiment as well as by the other experiments of the 
present paper. 


DISCUSSION 


The present work has extended previous findings that an intracellular 
amylase of a wild yeast, Candida tropicalis var. japonica, has an unusually 
broad specificity. That is, this enzyme can hydrolyze not only amylosac- 
charides (soluble starch, a- and f-amylase limit dextrins) but also certain 
oligosaccharides (maltose and isomaltose) and certain heterosaccharides (a- 
methyl and a-phenyl glucosides). Glucose is the main sugar produced in 
these hydrolyses, but the enzyme also can transfer the glucosyl residue to 
acceptors other than water, e.g., to glycerol. a-Phenyl glucoside was used 
in the present work as donor to illustrate the transfer potentiality, but 
starch and other substrates can be donors for the glucosyl transfer, as 
reported tentatively in 1957 (/3). 

Enzymes capable of releasing glucose from amylopolysaccharides and 
maltose, and in other ways approaching the broad specificity of the Candida 
enzyme, have been reported in the serum of cattle and horses. The specifi- 
city of the equine enzyme extends to the hydrolysis of isomaltose, turanose 
and a-phenyl glucoside but, in contrast to the Candida enzyme, no evidence 
has been presented that it has transglycosylase activity (4). The bovine 
enzyme has been found to form a-1,4-linked oligosaccharides from maltose 
by transferring action, but it does not act upon isomaltose or a-methyl 
glucoside (15, 16, 17). The Candida enzyme thus appears rather unique in 
its wide range of activities even when compared with these serum enzymes 
which themselves have very broad substrate specificity. 


SUMMARY 


The action of amylase preparations of Candida tropicalis var. japonica was 
shown to extend to the hydrolysis of isomaltose and a- and f-amylase limit 
dextrins, with the same optimal pH (4.0) as previously found for hydrolysis 
of soluble starch, maltose and hetero a-glucosides, and for transglucosylation 
from a-phenyl glucoside to glycerol. Starch block electrophoresis of several 
enzyme preparations, using buffers of widely separated pH (7.0 and 2.8), 
showed that all of the above activities had the same electrophoretic distribu- 
tion, strongly suggesting that a single enzyme mediates all activities. 

Additional evidence on the same point was obtained through studies 
involving the inhibitory action of various carbohydrates on starch hydrolysis 
by Candida amylase preparations. Thus, a remarkable parallelism was found 
between the capacity of certain carbohydrates to suppress the utilization of 
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soluble starch and their capacity to suppress the splitting of a-phenyl 
glucoside. Maltose, in particular, was found to be an extremely potent 
inhibitor of both activities. Moreover, the Michaelis constants for 
maltose, a-methyl glucoside and a-phenyl glucoside were found to be of the 
same order, respectively, as the dissociation constants obtained when these 
substrates were used to inhibit the hydrolysis of soluble starch. Finally, 
the inhibition of starch hydrolysis by these three compounds, as in the case 
of glucose, proved to be competitive. 


The author wishes to express his thanks to Prof. T. Miwa and to Prof. T. Mori 
for their valuable suggestions and encouragement; to Dr. K. Shibasaki for a supply of 
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A toxic lipide component of the tubercle bacillus, which was termed 
“cord factor”, was firstly described by Bloch (1). This bacterial con- 
stituent is characterized by its occurrence in strains of Mycobacterium 
tuberculosis and by a particular delayed toxicity for mice upon repeated 
injections of small amounts. Cord factor was obtained as a highly purified 
preparation from wax fraction (2). Chemical structure of cord factor was 
shown to be trehalose-6,6’-dimycolate by the chemical analysis and syn- 
thesis (3, #). 

Cord factor was purified chiefly by the use of column chromatography 
of magnesium silicate from Wax C by Noll and Bloch (5), while No- 
jima (6) fractionated Wax D by magnesium silicate chromatography and 
proposed that he could obtain cord factor in a good yield. The present 
paper describes a simplified method for obtaining highly purified preparation 
of cord factor from the lipide component of proteolipide, which was pre- 
pared according to the method of Yamamura (7). 


EXPERIMENTAL AND RESULTS 


Isolation of Lipide Component of Proteolipide—The tubercle bacilli, BGG 
strain, were grown in surface culture on Sauton’s media for 4 weeks. The 
organisms were autoclaved at 120° for 20 minutes, collected by filtration, 
washed thoroughly with distilled water and collected on the filter paper. 

An adaptation of Yamamura’s method was employed with some 
minor modifications. Five hundred grams of heat killed wet bacilli were 
homogenized with 5 liters of the mixture of chloroform and methanol (v/v 
2:1) and extracted for 2 days in an ice box. At the end of this period, the 
extract was obtained by the filtration through a glass filter and celite. The 
extract was concentrated to about 500ml., then added with 2.5 liters of 
acetone-methanol (1:1) and allowed to stand for several hours in an ice 
box. The precipitate was collected by filtration, dissolved in a small amount 
of chloroform-methanol (2:1) and precipitated again with five volumes of 
acetone-methanol (1:1). This proucedure was repeated for several times 
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and the final solution in chloroform-methanol was heated at 80° for one 
hour to split off the linkage and protein moiety of proteolipide in the 
solution. Five volumes of acetone-methanol (1:1) was added to the heated 
solution. Precipitates were collected by filtration and dissolved in benzene, 
and the insoluble part was removed by centrifugation at 19,000 r.p.m. for 
40 minutes. Acetone-methanol (1:1) was added to the supernatant benzene 
solution and precipitates were collected by filtration. The dissolution and 
precipitation procedures were repeated for several times. 

The white waxy substance termed PL fraction, is a major part of 
lipide component of the cavity inducing proteolipide, as has been reported 
by Yamamura (7). The yield is around 5g. from 500g. of wet cells. 

Chromatographic Purification of Cord Factor from PL Fraction—¥or the chro- 
matographic procedures, silica gel (Kanto Kagaku Co. Ltd.) was used as 
adsorbents. The result of the first column chromatography is shown in 
Table I. One gram of PL was dissolved in petroleum ether and adsorbed 
on 40g. of silica gel and 20g. of Hyflo-supercel. PL fraction was separated 
into eight fractions as shown in Table I. 


TABLE I 
Chromatogram I. Chromatography of Crude Cord Factor on Silica Gel 


One gram of material was adsorbed on 40g. of silica gel and 20g. of 
Hyflo-supercel. 


Seis Eluted with 700ml. of ee M. P. 
mg. XG, 
1 petroleum ether 8 
2 | Petroleum ether-ether 19:1 289 | 46 -47 
3 E orl 80 | 46.5-48 
4 fe 4:1 98 | 53 -55 
5 “f < 1:1 260 | 44 
6 a BS 1:4 foe | 
7 Chloroform methanol 4:1 | 128 | 54.5-56.5 
8 Methanol 60 | 187 — 188 


Recovered | 968 mg. = 96.8% 


The chloroform-methanol eluate fraction (Fraction No. 7) was rechro- 
matographed on silica gel as shown in Table Il. One hundred and twenty- 
eight mg. of Fraction 7 in Table I dissolved in chloroform were adsorbed 
on the mixed column of 5.6g. of silica gel and 2.8g. of Hyflo-supercel and 
separated into 6 fractions by the elution as shown in Table II. 

Toxicity Test—Toxicity of the four rechromatographed fractions (c, de; 
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Taste II 
Chromatogram II. Chromatography of Chloroform-Methanol 
Fraction Obtained after Chromatography I on Silica Gel 


One hundred and twenty-eight mg. of material were adsorbed on 5.6 
g. of silica gel and 2.8g. of Hyflo-supercel. 


ee Eluted with 100ml. of | Sami M. P. 
mg. °G 
a chloroform 66 
b chloroform-methanol 99:1 | 1 43 — 46° 
G 55 59 SBig 25 | 41 — 43° 
d 55 = oe) 38 | 42 — 43° 
@ ae 3 90: 10 22 51 — 70° 
f s a 80:20 | 11 190 — 200° 
Recovered | 103 mg. =80.5 % 
TasceE III 
Toxicity of Each Fraction Isolated by Chromatography on Silica Gel vacuo 
No. of mice | Fraction | re ee | Survival sacle 
tested (Table MI) | of mice? | time (days) | Ghia) 
10 c St 13353-4,-50 055-6 
10 d Sa SEO Oe neS | 0 
| 3,4,5 
10 e — | 10 
10 f — 10 
10 control = 19 
(paraffin oil) 


1) Ten pg. each fraction isolated by the second chromatography on 
silica gel were injected intraperitoneally. Mice, dd strain, body weight 
10-15 g., male. 


The mark + indicates 10 % or less decrease, ++ indicates 10-20 % 
decrease and — indicates no decrease of body weight of mice. 


f Fraction of Table IL) was tested on mice, dd strain, body weight 10-l5¢g., 
male. The injection was made intraperitoneally once per two days in a 
dosis of 10yg. of each fraction dissolved in 0.lml. of paraffin oil. The 
result is shown in Table III, indicating that the d fraction is the most toxic 
and seemed to be cord factor. 

Elementary Analysis and Infra-red Spectrum—Elementary analysis of a frac- 
tion showed the following data; 


Cc H 
Found PESTESY | NOS) 
Calcd. for CissHygsH,, (cord factor): 77.70 12.83 
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The spectrum of d fraction (Fig. 1, Curve 1) shows well defined bands 
all associated with cord factor. The exact positions of each adsorption 


ie Br ee eee Se 
40003000 2000 1500 1000 700 cm:! 


Fic. 1. Infrared spectra Curve 1. Fraction d in Chroma- 
torgraphy II. Curve 2. Ether extratct of acid hydrolysate of 
Fraction d. 


maximum are 3350, 2900, 2840, 1715, 1470, 1380, 1275, 1170, 1156, 1100, 1075, 
1050, 1020, 995, 915, 805 and 720cm7!. 

Chemical Degradation—The toxic compound, d fraction, was hydrolysed 
according to the method of Noll and Bloch (5). Two hundred and 
eighty-three mg. of the d fraction were suspended in a solution of 5ml. of 
isopropanol, 0.1 ml. of water, and 100mg. of KOH. ‘The solution was 
refluxed for one hour, cooled, acidified with 2ml. of NM HCl and extracted 
repeatedly with an excess of petroleum ether and ether. The extracts were 
taken to dryness and the lipide residue was dissolved in a small volume of 
ether and precipitated with methanol. The precipitate was collected and 
dried in vacuo at room temperature ; 231.8mg. of a white powder, m.p. 55- 
57° were obtained. Found, C 81.48, H 13.38. These values agree with 
those by Aebi eé al. for a-mycolic acid Brevannes Cg;H,740,+5CH) (8). 
The infra-red spectrum (Fig. 1, Curve 2) is identical with that of a-mycolic 
acid Brevannes. 

The acidified water solution obtained after alkaline hydrolysis was 
deionized by passing through a mixed anion-cation exchange resin (IR-120 
(H*) and IR-4B (OH-)) and concentrated zn vacuo. 

The concentrate was paperchromatographed on Toyo filterpaper No. 
51 with 80 per cent phenol and n-butanol-ethanol-ammonia-water (40:10: 
1:49) as solvents in ascending. Spot was detected at the R; of 0.30 in the 
case of former solvent system, and 0.04 in the case of latter solvent system. 
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These R, values were in accordance with those of authentic trehalose. 

The concentrate was dissolved in 3 N HCl, and hydrolysed for 4 hours 
at 100°, after passing through Amberlite IRA 400 (OH~). The hydrolysate 
was concentrated under reduced pressure. Glucose in the concentrate was 
identified by paperchromatography, since R; was 0.37 by 80 per cent phenol 
and 0.14 by -butanol-ethanol-ammonia-water (40: 10: 1:49) as solvent system. 

From these findings it became clear that the toxic d fraction, which 
was isolated by our method, was an mycolic acid ester of trehalose and 
identical with cord factor presented by Bloch et al. (1-3). 


DISCUSSION 


Chromatographic isolation of cord factor using silicic acid has been 
successfully reported by Noll and Bloch (5) and Nojima (6). In these 
reports Wax C or D fraction from Purified Wax was materials for the 
isolation of cord factor. In the present study lipide component (PL fraction) 
of proteolipide, a cavity-inducing substance, was chromatographed using 
silica gel and cord factor was easily and reproducibly obtained. It was 
found by Nagasuga et al. (9) that cord factor could be obtained by the 
same chromatographic method from Wax C, Wax D and purified Wax. 
From these results, it is assumed that this chromatographic method on 
silica gel will be used as a simplified method for the isolation of cord factor. 


SUMMARY 


Lipide component of proteolipide was fractionated by silica gel chroma- 
tography and cord factor was isolated in a good yield. 


This work was supported in part by grants of Ministry of Education and Ministry 
of Welfare and Health. 
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N-Terminal group (/) and the terminal pentapeptide sequence (2) of 
bacterial a-amylase (BA) produced by Bacillus subtilis N’ were elucidated in 
previous studies of this series. It was demonstrated that the N-terminal 
amino acid of the enzyme differed from that of Taka-amylase A (3) but 
the terminal peptide sequence showed a significant similarity to that of 
Taka-amylase A (4, 5). Ikenaka (6) demonstrated that each one mole of 
glycine, alanine and serine occupied C-terminal positions of Taka-amylase 
A, and postulated a branched peptide structure with one N-terminal alanine 
for the amylase. Elucidation of C-terminal group of bacterial amylase was 
therefore attempted for the purpose of comparing the structnre of both 
enzymes. Yoshida (7) has recently reported that C-terminal group of a 
bacterial amylase, produced by a different strain (Bacillus subtilis K), is 
asparagine and that N-terminal peptide seemed to be the same as that of 
the amylase from strain N’. 

C-Terminal analysis of the strain N’ enzyme was performed by using 
hydrazinolysis method (@) and carboxypeptidase A (9) in the present study. 
The results obtained by both methods did not agree with each other. 
Moreover it was unsuccessful to indicate that asparagine located at C- 
terminal end of the enzyme. The discrepancy between the result of 
Yoshida and that of the present author might be due to the difference 
of bacterial strains used by the two workers. Although an ambiguity is 
still left on the C-terminal group, at least three amino acid residues near 
C-terminus appear to be not essential for a-amylase activity. 


MATERIALS AND METHODS 


Bacterial Amylase—The crystalline BA was kindly supplied by Nagase Co. Ltd. In 
some cases this enzyme preparation was further recrystallized twice by the method of 
Hagihara (JO). 

Anhydrous Hydrazine—This reagent was prepared according to the method of Stahler 
(11). The analysis showed that it was over 98 per cent purity. 

Carboxypeptidase (A)—Diisopropylphosphofluoridate treated carboxypeptidase was ob- 
tained from Worthington Biochemical Co., Freehold, New Jersey, and was used, as water 
suspension. 

Silica Gel—This was prepared by a similar method as described previously (12). 
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Solvent systems employed on the silica gel column chromatography are as follow. 
A: Butanol: chloroform: acetic acid: water (S44) 
B: Chloroform: acetic acid: water (Pals) 

Hydrazinolysis, Dinitrophenylation, Aldehyde Treatment and Extraction—One hundred mil- 
ligrams of BA were hydrazinolysed with about | ml. of anhydrous hydrazine at 100°, the 
time of the reaction varying from three to fifteen hours. Excess hydrazine was removed 
in vacuo over sulfuric acid. The dinitrophenylation and benzaldehyde or isovaleraldehyde 
treatment of the hydrazinolysate, and the fractional extraction of the C-terminal DNP- 
amino acid from di- and tri-DNP-derivatives of hydrazides were essentially the same as 
the standard method I recommended by Akabori and coworkers (8). 

Identification of C-Terminal Amino Acid by Dowex-50 Column Chromatography—The aqueous 
phase obtained by the benzaldehyde treatment of the hydrasinolysate of BA was evapora-~ 
ted in a vacuum desiccator. The residue was dissolved in an appropriate amount of 
buffer (pH 3.42) and placed on the top of the ion exchange resin column. The amount 
of the hydrazinolysate applied corresponded to about one ymole of BA in the case of 
0.9x100cm column and to about 0.6 umole of BA in the case of 0.9x15cm column. 
The buffer solutions employed in this experiment and most part of the procedure were 
the same as reported by Moore and Stein (3). 

Carboxypeptidase Digestion—This experiment was carried out by Harris’ method (9). 
About 2-3 ymoles of lyophilized or crystalline BA was dissolved in water and pH was 
adjusted to 8 with dilute NaOH solution (protein concentration was 0.1-1.0 per cent). 
The protein solution was digested at pH 8-8,5 and at room temperature or 37° with 
various ratios of the substrate to the enzyme (30, 50, 60 and 100 to 1). An aliquot con- 
taining approximately 0.2-0.4 moles of BA was removed at various time intervals and 
each aliquot was immediately applied to the Dowex-50 (x2, H* form) column (0.9xX 
5.0cm) or analyzed directly by the DNP method (/4). In the former case, after the 
column was washed with deionized water to remove protein, the amino acids were eluted 
from the resin with 5N aqueous ammonia. The eluates were evaporated to dryness in 
vacuo over concentrated H,SO, and were subjected to paper chromatography with butanol- 
acetic acid-water (4: 1:2) or 80 per cent phenol. 

Chromatographic Identification of C-Terminal Amino Acid—DNP-Derivatives of C-terminal 
fraction were fractionated and identified by silica gel column chromatogrphy or two di- 
mensiona] paper chromatography with solvent system of Levy (15) or Koch (J6). Each 
band of DNP-amino acid on the column chromatogram was cut off, extracted with 
ethylacetate or methylalcohol, and dried im vacuo. The residue was disssolved in 5ml. of 
1 per cent sodium bicarbonate solution and determined colorimetrically at 430 my. 

Each spot on the paper chromatogram was cut out and extracted with 4ml. or 5ml. 
of 1 per cent sodium bicarbonate solution in a water-bath at 55-60° for 15 minutes or 
at room temperature for about two hours. The solution was filtered in the former case 
or decanted in the latter case and the optical density was read at 360my with Shimazu 
photoelectric spectrophotometer. 

a-Amylase Activitty—Amylase activity was measured at pH 5.6 (M/2 Acetate buffer) 
and 30° for 10 minutes, using 0.1 per cent amylose solution as substrate, otherwise 
Fuwa’s method (/7) was followed. 


RESULTS AND DISCUSSION 


Investigation of C-Terminal Amino Acid by Hydrazinolysis—A chromatography 
of DNP-derivative of C-terminal fraction obtained by hydrazinolysis was 
achieved by means of a silica gel column. The chromatograms showed 
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that the C-terminal fraction contained mainly glycine and a small amount 
of aspartic acid, serine, alanine, threonine and valine. In the case where 
the band on the silica gel column chromatogram was contaminated with 
DNP-derivatives of acidic amino acid hydrazides, it was subjected to paper 
electrophoresis for 2 hours, using lutidine-/15 acetic acid buffer of pH 6.5 
(5: 100, vol.) and 12.5 volts/cm, in order to purify the DNP-amino acid in 
the band. 

In addition, DNP-derivatives of the C-terminal fraction obtained by the 
standard method HI of Akabori e¢ al. (without aldehyde treatment) was 
chromatographed on paper, and the chromatogram is given in Fig. 1. 

This chromatogram also shows that the main amino acid in the C- 
terminal fraction is glycine. 

The DNP-glycine obtained by silica gel column and paper chromato- 
graphy was regenerated with saturated barium hydroxide and the free 
amino acid produced was identified as glycine by paper chromatography 
with butanol-acetic acid-water (4: 1:5, vol.). 


————> = Nis => Butanol” 


“Phosphate buffer ” 


Fic. 1. Paper chromatogram of DNP-derivatives of 
amino acids released by hydrazinolysis. 

1. DNP-Asp+DNP-Glu 2. DNP-Ser 3. DNP-Gly 
4. DNP-Thr 5. DNP-Ala_ 6,7. di-DNP-Acidic Amino 
Acid monohydrazide 8. Dinitrophenol 

* Dotted spot shows a faint color. 


To investigate the possibility of the presence of histidine at C-terminus 
as preliminarily reported by Akabori and Ohno (/8), and to obtain 
further information on the main component contained in the C-terminal 
fraction, the chromatographic analysis of the hydrazinolysate on Dowex 50 
column (x8, Na* form) was performed. 

As is shown in Fig. 2, histidine was not recognized in the C-terminal 
fraction. The quantitative results on these chromatograms are summarized 
in Table I. 

The results mentioned above showed that free amino acids obtained by 
hydrazinolysis were aspartic acid, serine, glycine, alanine, threonine and 
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= Citrate s+ phosshate buffer i —Citrete buffer 

Fic. 2 Elution curve for the 10 hours hydrazinolysate of BA treated with 
benzaldehyde. 

(A) on a 0.9X100cm. column of Dowex 508 

(B) on a 0.9X15cm. column of Dowex 508 

Peak (a) is acidic and neutral amino acids. 

Peaks, (b), (c) and (d), are supposed to be benzaldehyde derivatives of acidic 
amino acids monohydrazides, or water soluble benzaldehyde derivatives of some 
amino acid hydrazides. 


valine. But amounts of five amino acids except glycine are too small to 
be accepted as C-terminal group. Bradbury (20) has recently reported 
that small amounts of non-C-terminal amino acids, such as glycine, serine, 
glutamic and aspartic acid, are produced during hydrazinolysis. Accordingly, 
it is difficult to assume that the above-mentioned minor components are 
C-terminal group of BA. Judging from these results, it is probable that 
the C-terminus of this amylase is glycine. In order to confirm this point 
carboxypeptidase experiment was then carried out. 

Carboxypeptidase Digestion—BA was digested by carboxypeptidase with 
several ratios of the enzyme to substrate (1:57 and 1:30 at 37°, and 1:85 
at room temperature). During digestion, the pH was maintained at 8.0-8.5 
by the addition of dilute sodium hydroxide. 

Leucine and/or isoleucine, valine and phenylalanine were released at 
faster rates than other amino acids from BA with carboxypeptidase A as 
can be seen in Fig. 3. But the order of liberation of above three amino 
acids differed from experiment to experiment. When alkali denatured BA 
(crystalline BA was dissolved in 0.1 N NaOH and kept in a refrigerator 
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Tas_e I 
C-Terminal Amino Acid of BA? by Hydrazinolysis 


Tne of Residues per mole protein (molecular weight 48,700) (19) 
h Ss ‘ [ =| 7 i ] 
ydracinolysis Asp Glu Ser | Gly Ala | Thr | Val 

3 A | | 0.15 | 0.27 | | 
A | hw0.235 |) 20.358 | Olly | 0,16." 
5 A 0.24 | | 0.34 | 0.59 | 0.29 | 0.22 | 
B lw 0326; 00 te" 06s || 0.26 | 
10 A 0.16 "0328" | "0.46" % .0.12 0.14 0.13 
B 0.19 | 0.32 | 0.55 | 0.27 | 0.45 
B Ost7eu) (0.27) 0.56-4). 0.37. | 80:10 
e 0.06 | 0.23 | 0.56 | 0.11 | 0.06 | 0.01 
15. A 0.16 | | 0.23 0.46 0.12 O14 30318 
B | 0.19 | 0.32 O55" | 0:275)| 7045. 


1) The values obtained by DNP-method are uncorrected for hydrazi- 
nolysis. 
A: Silica gel column chromatography as DNP-derivatives ; 
These values were corrected for loss by column chromatography. 
B: Paper chromatography as DNP-derivatives. 
C: Dowex-50 column chromatography as free amino acid. 


oLeu Indér [leu 


Phe 


Tyr 
9 A Ace andor Glu 


waa o Ala 


x Val 
* Thr 


ee Ser 


oAspNHe 
Gly 


0.5 1.0 
TIME (hours ) 


AMINO ACID MOLES PER MOLE 


Frc. 3. Amino acids released from BA by carboxypeptidase: BA 
concentration 0.55% ; carboxypeptidase concentration 0.018% ; pH 8.5; 
24% 


overnight) was incubated with carboxypeptidase, a similar result was obtain- 
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ed but the reaction rate was faster than with the native one (Fig. 4). If 
C-terminus of this amylase is either of these three amino acids, (valine, 
phenylalanine and leucine and/or isoleucine), it must be clearly identified 


oLeu 46r Ileu 


AMINO ACID MOLES PER BA MOLE 


TIME (hours) 
Fic. 4. Amino acids released from denatured BA with alkali by 


carboxypeptidase: Protein concentration 0.7% ; carboxypeptidase con- 
centration 0.014% ; pH 8; 25°. 


by the hydrazinolysis method, and if the result obtained by hydrazinolysis 
method is correct, glycine has to be released from BA first, as is shown in 
carboxypeptidase degradation of horse myoglobin (22). 

On the other hand, Yoshida reported that C-terminus of a-amylase 
from Bacillus subtilis K was asparagine as described above, and a possibility 
of C-terminal asparagine in BA (strain N’) was considered. Each aliquot 
of the incubate with carboxypeptidase for 1, 6 and 10 minutes was analyzed 
by paper chromatography with a butanol-acetic acid-water (4:1:2) and a 
80 per cent phenol prior to dinitrophenylation, and asparagine was not 
clearly recognized on the chromatograms. But, a small amount of DNP- 
asparagine was found on the two dimensional paper chromatogram after 
dinitrophenylation. Therefore, the recovery of asparagine was measured 
by chromatography after dinitrophenylation. (Table II). 


Tasce II 
Recovery of Asparagine by Dinitrophenylation 


Incubation time at pH 8 (hours) 


0 24 48 
Recovery of DNP-asparagine (%) | aw 57 38 


Recovery as DNP-aspartic acid (%) | 2 3 2 


Even though the loss of asparagine and the degradation into aspartic 
acid during dinitrophenylation is taken into consideration, it is hard to 
assume that asparagine is a real C-terminus of BA of the strain N’. Thus, 
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no clear conclusion about the C-terminal group of BA can be drawn in the 
present experiments. It may, however, be presumed that amino acids located 
near the C-terminal end of BA are—(Gly, AspNH:, Ser, Thr, Tyr, Asp and 
/or Glu, Ala)-(Val, Phe, Leu and/or Ileu). 

Amino Acids in the C-Terminal Region of BA and a-Amylase Activity—a-Amy- 
lase activity of BA during carboxypeptidase degradation was measured and 
the results are shown in Table III. 

The digest of 72 hours was dialyzed against M/200 calcium acetate for 
2 days and the enzyme in the bag could be crystallized as the same crystal- 
line form (needle) as that of the native BA. 

The decrease of a-amylase activity by the carboxypeptidase digestion 
was not observed even after 72 hours as is shown in Table III. Judging 
from this result it can be assumed that at least three amino acids (leucine, 
valine and phenylalanine) which appear to be present in the C-terminal 
region of BA may not directly be concerned with the a-amylase activity. 
In order to obtain further evidence, C-terminal amino acid of the “core” 
should be analyzed and compared with the “native” enzyme. At present, 
although the “core”-like substance was obtained in crystalline state, the 
chemical and physical properties of this “core” have not yet been investi- 
gated. Therefore, the probability that only the contaminated denatured 
enzyme was digested by carboxypeptidase and that the “core”-lke substance 
obtained might be native BA itself cannot be ruled out. The study on the 
above mentioned problem is now in progress. 


SUMMARY 


The C-terminal amino acid of BA (B. subtilus N’) was analyzed by 
hydrazinolysis and by the use of carboxypeptidase. From the results of 
hydrazinolysis, it was suggested that C-terminus of BA might be glycine. 
While, a considerable amount of amino acid was released by the action of 
carboxypeptidase on native bacterial amylase and no decrease of the amy- 
lase activity was observed. Amino acids liberated by carboxypeptidase are 
leucine and/or isoleucine, valine, phenylalanine, alanine, acidic amino acids, 
tyrosine, threonine, serine, asparagine and glycine. 

In contrast to the case of hydrazinolysis, it is remarkable that leucine, 
valine and phenylalanine are liberated in much larger amounts as compared 
to that of glycine. No clear cut result was obtained about the nature of 
C-terminal group of BA. However, it might be suggested that C-terminus 
of BA is not essential for the enzymatic activity. 


The author wishes to thank Prof. S. Akabori for his helpful advice throughout 
this work and also to Nagase Ltd. Co. for the gift of bacterial amylase. 
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It has long been presumed that the so-called nitrate respiration involves 
an energy yielding mechanism corresponding to the oxidative phosphoryla- 
tion in the aerobic respiration (7). It is important and desirable, particularly 
in view of the comparative biochemistry, to study the energy metabolism 
in bacteria which use nitrate or nitrite as the terminal electron acceptor 
instead of oxygen. This was first suggested by Takahashi, Taniguchi 
and Egami (2) in their experiments which showed incorporation of P*- 
labelled orthophosphate into cells of a facultative anaerobe Escherichia colt 
in the process of nitrate reduction under anaerobic conditions. In the 
sulfate reduction, Ishimoto (3) also showed, by a similar procedure, the 
incorporation of radioactive orthophosphate into a _ strict anaerobe, 
Desulfovibrio. In the present study the phosphorylation coupled with the 
denitrification was studied using intact cells of a strain of Pseudomonas 
demtrificans, a heterotrophic facultative anaerobe. Our results, though the 
experiments were still preliminary, provide a strong evidence for the oc- 
curence of oxidative phosphorylation coupled with the process of denitrifi- 
cation in which nitrate or nitrite is converted into gaseous nitrogen in 
anaerobic atmosphere. 


MATERIALS AND METHODS 


Microorganism—The denitrifying bacterium, originally isolated from soil by Iwasaki 
and Mori (4), grown anaerobically for 48 hours at 30° in the medium described in 
their paper, was used. 

Resting Cell Suspension—The bacteria harvested were washed 3 times with 0.85 per 
cent NaC] solution and suspended in distilled water. 

Assay Method—The denitrifying activity was measured in the nitrogen atmosphere by 
the Warburg method at 30°C. Unless otherwise stated, the reaction system contained a 
resting cell suspension, H-donor (lactate), H-acceptor (sodium nitrite), magnesium chloride, 
sodium fluoride, inorganic orthophosphate and Tris-buffer. Mixing P2?-orthophosphate, 
the incorporation of radioactive phosphate into labile acid-soluble phosphoric esters was 
measured according to the following procedure. After a certain run of the denitrifying 
reaction, the reaction vessels were chilled in ice-water, cells were collected by centrifuga- 
tion and extracted with ice-cold 0.6 N PCA (perchloric acid). Adding Norit to the super- 
natant, mixture was stirred well and the adsorbant was washed 3 times with non-labelled 
phosphate solution and subjected to the acid hydrolysis in NM HCl for 10 minutes. An 
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aliquot of the supernatant was dried in a porcelain planchet by irradiation with an 
infra-red lamp and its radioactivity was counted by a conventional Geiger-Miiller counter. 
That all the radioactivity of this supernatant was due to inorganic phosphate produced 
by the hydrolysis, was confirmed by the isobutanol-benzene extraction method (6). Unless 
otherwise stated, phosphorylating activity was expressed as the difference of radioactivity 
between the test and control system which had no substrate in its reaction medium. 

Analysis on Nucleotides—The distribution of radioactive phosphates among acid-soluble 
fractions was examined according to the following procedure. After a certain duration 
of denitrifying reaction, the frozen cells were washed twice with distilled water and 
extracted with chilled 0.6. NV PCA, and washed two times with 0.2N PCA. The extract 
and washings were combined and neutralized to pH 7.0, and the resulted KCIO, was 
removed by centrifugation under sufficient cooling. This extract was passed through a 
0.5cm xX 20cm column of Dowex-1 anion exchange resin pretreated with formate and the 
adsorbed substances were fractionated by means of the gradient~ elution technique which 
was virtually the same as those described by Hurlbert et al. (7). 

Thus, the chromatographic elution analysis was carried out, passing through a 100 
ml. mixing volume, successively with the following eluants, H,O 50ml., 1 NV formic acid 
50ml., 4N formic acid 180ml., 0.244 ammonium formate in 4.N formic acid 150 ml., 
1M ammonium formate in 4WN formic acid 130ml. With each fraction, which was about 
4ml. in volume, the optical absorption at 260 my and 280 my and the radioactivity were 
measured. The latter was carried out in solutions using a conventional dipcounter of 


GM-type. 


RESULTS AND DISCUSSION 


Dependence on Length of Reaction Time—The processes of denitrification 
and coupled phosphorylation are presented together in Fig. 1. In this 
experiment lactate was used as H-donor and sodium nitrite as H-acceptor. 
When the cells were kept in contact with P*®-labelled orthophosphate in 
the medium 15 minutes prior to the starting of the reaction, both denitrify- 
ing and phosphorylating reactions showed no lag period. While the 
denitrifying reaction proceeded linearly with time more than 30 minutes, 
the labile phosphate reached its maximal concentration within 10 minutes 
under the given conditions. 

Effect of pH—Effect of pH on the denitrifying and phosphorylating 
activity is shown in Fig. 2. To provide the desired pH, 0.025 M (final 
concentration) Tris-buffer at each pH value was added to the medium. 
The maximum rate of phosphate esterification occurred at about pH 8.2. 
Denitrification had its pH optimum at 7.0 or slightly less. In this experiment, 
10 minutes’ reaction time was chosen in order to compare the initial reac- 
tion rates of phosphorylation. 

Dependence on the Phosphate Concentration—Under the experimental condi- 
tions employed, both phosphorylation and denitrification appreciably 
depended on the phosphate concentration in the reaction medium as shown 
in Fig. 3. Both activities did not attain optimum values till the concentra- 
tion of phosphate was as high as 20 moles per 3 ml. hve efficiency of 
phosphate incorporation induced by denitrification, being expressed in terms 
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Fic. 1. Time course of denitrifying and phosphory- 
lating activity. 
x denitrification, © labile phosphate produced. 
Components in the main compartment: resting cell sus- 
pension 0.5 ml. (ca. 6 mg. nitrogen/ml.), sodium lactate 300 
pmoles, MgCl, 10 ymoles, NaF 20 ymoles, inorganic ortho- 
phosphate 4 ymoles, #2P 4x104c.p.m., pH8.0 Tris-buffer 
(final concentration 0.025 M). Total volume 3 ml. with H,O. 

Side arm: NaNOg,, 60 ymoles. 

Center well: 20% KOH 0.2 ml. 
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Fic. 2. Effect of pH on denitrification and 
phosophorylation by resting cells. 
x denitrifying activity, © phosphorylating activity. 
Experimental conditions were the same as indi- 
cated in Fig. 1. : 
Reaction time was 10 minutes. 


Resting cell suspension 0.5 ml. (ca. 3.1 mg. nitrogen 
/mal.). 
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of ratio P(moles)/N (atoms), also continued to increase in this range of 
phosphate concentration and maximal ratio obtained was 0.05. 
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fying bacteria with ‘‘formic acid system.” 


see the text. 


Analysis of Nucleotides incorporating Phosphate—After a certain duration (10 
minutes) of denitrifying reaction, the bacterial cells were extracted with 


410 T. OHNISHI AND T. MORI 


PCA, and the extract obtained was fractionated using a column of Dowex- 
1 ion exchange resin by the gradient elution system as described in the 
section of methods. Ultraviolet absorption and radioactivity of the chroma- 
tographic fractions are shown in Fig 4. Fractions indicated on the graph 
as Peak I, IJ, I, IV and V were tentatively identified on the basis of their 
280 my./260 my. ratio and ultraviolet absorption curves as cytidine monophos- 
phate+an unidentified substance, adenosine monophosphate, its diphosphate 
and triphosphate, and guanosine triphosphate, respectively. Other peaks 
were considerably overlapped by each other in this experiment. As may 
be seen from the result, all peaks mentioned above, except for Peak I, 
coincided with the peaks for radioactivity, indicating that P*-labelled 
orthophosphate was incorporated into all of these nucleotides nearly at the 
same rate in the cell. 

Phosphorylation in the Intermediate Steps of Denitrification—Recently, a possible 
mechanism of the denitrifying system was formulated by Iwasaki and 
Mori in our laboratory as shown in Scheme | (8, 9). 


SCHEME | 


Denitrifying Pathway Formulated by Iwasaki and Mori 


HNO,+ NH,OH 
dehydrogenase 
H-donor >cytochrome c,°**—> denitrifying 
(e.g. lactate) enzyme 
p-phenylene diamine | 
or Np | 
its analogue 


It was further investigated whether orthophosphate was incorporated into 
acid-soluble fraction in each of the intermediate oxidation steps or in 
partial processes of the denitrifying pathway. Activity of phosphorylation 
was measured through the same procedure as in the lactate-nitrite system, 
with dimethyl-p-phenylene diamine or hydroxylamine as the hydrogen 
donor and sodium nitrite as the hydrogen acceptor. Preliminary results 
were shown in Table I. These results indicate, although only in qualitative 
terms at present, that the coupling between denitrification and phosphoryla- 
tion occurred in at least one of the electron transporting steps in the reac- 
tion between hydroxylamine and nitrite which was presumed, at present, to 
be the principal reaction (8) or in a reaction process of dimethyl-p-phenylene 
diamine with nitrite (0). It would be worth mentioning that the underly- 
ing electron transferring mechanisms of these reactions has been inferred to 
involve the oxidation-reduction of certain cytochromes (9). 
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TABLE I 


Phosphorylation Coupled with the Intermediate Steps 
in the Denitrifying Pathway 


H-Donor | Denitrifying Phosphorylating 


i. He ceptor if Activity, yl. | Activity, c.p.m. 
meaneno: | 74.3 740 
no. | 202.5 hia vrs ak 
ho: 182.0 3840 


Experimental conditions were the same as shown before, except that the 


amount of inorganic orthophosphate was 20 wmoles in this experiment. 
1) dimethyl-p-phenylene diamine 


li 


SUMMARY 


Using whole cell suspensions of a denitrifying bacterium and P® as 


a tracer, it was demonstrated that phosphorylation takes place coupling 
with the denitrifying reaction under the anaerobic condition. 

2. ‘The dependencies of both nitrogen evolution and phosphate incor- 
poration on pH, length of reaction time and concentration of phosphate 
were investigated. 

3. Soluble compounds extracted by perchloric acid were analysed by 
the chromatographic fractionation and it was demonstrated that along with 
the denitrification lasting for only 10 minutes, P® was incorporated into 
almost all nucleotides appeared in the chromatogram. 

4. Some intermediate steps in the denitrifying pathway were also found 
to evoke the process of phosphorylation. 


(7) 
(2) 
(3) 


(4) 
(5) 
(6) 
(7) 


(8) 
(9) 
(10) 
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We reported previously that in Pseudomonas u-lysine was oxidatively 
decarboxylated forming 6-aminovaleric acid and that this then underwent 
a transamination reaction with a-ketoglutaric acid (J). Roberts also found 
that 6-aminovaleric acid could be transaminated in mouse liver, Aspergillus 
and F£. coli (2). However, none of these reports gave details of the trans- 
aminases, such as purification, substrate specificity or identification of the 
end products. Baxter and Roberts recently reported on the purification 
of y-aminobutyric acid-glutamic acid transaminase from beef brain (3). This 
enzyme has a rather low specificity for amino group donors being active 
with f-alanine and 6-aminovaleric acid as well as y-aminobutyric acid. 

The present paper describes the purification of 6-aminovaleric acid-gluta- 
mic acid transaminase from Pseudomonas. This enzyme is very specific for 
6-aminovaleric acid. Glutaric semialdehyde was identified as the end product. 


METHODS AND MATERIALS 


Preparation of the Acetone Powder of Pseudomonas Adapted to u-Lysine—The bacterial strain 
of Pseudomonas used for the present work and the method of preparation of the acetone 
powder were as described previously (2). 

Assay Method—Thirty pmoles of d-aminovaleric acid, 40 pmoles of a-ketoglutaric acid, 
20 wmoles of phosphate buffer (pH 8.0) and 0.2 ml. of the enzyme solution were incubated 
in a total volume of 2 ml. in a test tube at 30° for one hour. Then the reaction mixture 
was deproteinized by the addition of 0.3 ml. of 50 per cent perchloric acid. The super- 
natant was adjusted to pH 5.0 with 5 N potassium hydroxide. 1.5 ml. of the supernatant 
was incubated in a Warburg manometer at 30° with 60 pmoles of acetate buffer (pH 
5.0) and 0.2 ml. of t-glutamic acid decarboxylase in a total volume of 2ml. The t-gluta- 
mic acid formed was calculated from the amount of carbon dioxide produced. The 
enzymic activity was expressed as ymoles of glutamic acid formed per hour. 

The reversibility of the transamination was measured by incubating a reaction mixture 
similar to the above, but containing glutaric semialdehyde and L-glutamic acid in place 
of the d-aminovaleric acid and a-ketoglutaric acid. The L-glutamic acid remaining at 
the end of the reaction was measured in the same way as described above, by carbon 


at 
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dioxide production. Protein was measured by Folin’s method (6). 

d-Aminovaleric acid hydrochloride and glutaric acid semialdehyde ethyl ester were 
kindly given by Prof. S. Akabori of this Institute. Glutaric semialdehyde was prepared 
from its ester by hydrolyzing it at 100° for 30 minutes with Dowex 50 (H* form). 

The acetone powder of EZ. Coli used as the 1-glutamic acid decarboxylase was pre- 
pared by Najjar’s method (4) and 50mg. of the powder was suspended in 1 ml. of 
water before use as described above. 

Pyridoxal phosphate was obtained from California Foundation. 


RESULTS 


Purification of the Transaminase—Ten g. of acetone powder of Pseudomonas 
adapted to L-lysine was homogenized with 400 ml. of 0.02 M phosphate buffer 
(pH 7.4) and stored in a cold room overnight. One tenth volume of 5 per 
cent streptomycin was slowly added to the supernatant (Extract) with stir- 
ring, and after 10 minutes the precipitate was removed by centrifugation. 
The supernatant (Streptomycin treatment) was brought to 55 per cent satu- 
ration with solid ammonium sulfate, and the mixture was stirred for 30 
minutes. Throughout this step the pH was kept at 7.5 by addition of 10 
per cent ammonia solution. After centrifugation further ammonium sulfate 
was added to the supernatant to 75 per cent saturation. The resulting pre- 
cipitate was dissolved in 30ml. of 0.007 M phosphate buffer and dialyzed 
against 2 liters of the same buffer overnight. The dialyzate (Ammonium 
sulfate fraction I) was acidified at 0° with 1 N acetic acid. Material pre- 
cipitating at pH 5.0 was discarded. Ca-phosphate gel was added to the 
supernatant (Acid treatment) in the ratio of one part gel (dry weight) to two 


TABLE I 
Purification of 6-Aminovaleric Acid -Glutamic Acid Transaminase 


The specific activity was expressed as moles of glutamate formed per mg. 


protein per hour. 


Specific Total 
activity activity 
pmol./mg./hr. a pmol. /hr. 
Extract 0.28 | 1,476 
Streptomycin treatment 0.78 1,500 
Ammonium sulfate fraction I | 2.45 1,010 
Acid treatment 2.67 980 
Ca-gel treatment 4.02 665 
Ammonium sulfate fraction II 6.19 509 


parts protein. The pH was adjusted to 6.0 and the mixture stirred for 20 
minutes. After centrifugation, the supernatant (Ca-gel treatment) was frac- 
tionated again with ammonium sulfate. The fraction precipitating between 
50 and 80 per cent saturation was dissolved in 5 ml. of phosphate buffer and 
dialyzed as before. The dialyzate (Ammonium sulfate fraction II) was used 
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as the enzyme preparation. Throughout the purification procedure, the 
temperature was kept below 4°. Centrifugation was carried out at 15,000 
g for 15 minutes in each case. 

The typical yields and specific activities obtained at each step of puri- 
fication are shown in Table I. At the final step the yield was 30 per cent 
with a 20 fold increase in specific activity. 

The relations between the transaminase activity and protein concentra- 
tion and incubation time are shown in Fig. | and 2, respectively. 
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Fic. 3. Effect of pH on transaminase activity. 
Acetate buffer (pH 5), phosphate buffer (pH 6, 7 and 8), 
and borate buffer (pH 9 and 10) were used respectively. 
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AVS 


Optumal pH—The transaminase showed optimal activity at pH 9 with a 
rather sharp decrease in activity on the acid side (Fig. 3). 
Substrate Specificity—Of the possible amino donors examined, significant 
activity was observed only with d-aminovaleric acid, as shown in Table II. 


TasLe II 


Specificity of the Transaminase 


Substrate | Amount | a eae noid 
pemoles pmoles 
d-Aminovaleric acid 20 2.68 
Glycine 10 0.25 
f-Alanine 20 0.36 
y-Aminobutyric acid 20 0.38 
pLt-Ornithine 20 0.53 
L-a-7-Diaminobutyric acid | 10 0.12 


y-Aminobutyrate, a-7-diaminobutyrate, ornithine, glycine and f-alanine were 


without effect. 


As an amino acceptor pyruvic acid was tested in place of a-ketoglutaric 
acid. 0.2ml. of the resulting incubation mixture after deproteinization, was 
applied to a paper chromatogram and developed in butanol-acetic acid-water, 
(4:1:1, v/v). No ninhydrin positive spot could be detected in the position 
of alanine (R; 0.30). This suggests that the transaminase is specific for a- 


ketoglutarate. 
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Fic. 4. Transaminase activity with different concent- 


ration of d-aminovaleric acid. 
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Kms of &-Aminovaleric Acid and a-Ketoglutaric Acid—The transaminase acti- 


vity with different concentrations of 6-aminovaleric acid and a-ketoglutaric 
acid are shown in Fig. 4 and Fig. 5 respectively. From these results the 
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Kms were calculated as 1x10-?M and 8x10-°M respectively. The Km for 
glutamic acid in the reverse reaction was found to be 4.1 107°. 
Reversibility of the Reaction—Fifty poles of glutaric semialdehyde, 50 wmoles 
of u-glutamic acid, 50 yg. of pyridoxal phosphate, 60 “moles of phosphate 
buffer and 0.7 ml. of enzyme solution in a total volume of 2ml. were incu- 
bated for one hour at 30°. Two tenth ml. of the reaction mixture after 
deproteinization was chromatographed on paper in the solvents shown in 


Tas_e III 
Ry of d-Aminovaleric Acid and the Compound in the Reaction Mixture 
| d-Amino- Compound in the 
No. Solvent valerate Reaction Mixture | Ct amiate 
1. | Butanol: Acetic acid:H,O | 0.52 0.52 0.30 0.28 
4 : 1 cl 
2. | iso-Propanol : H,O : NH, 0.10 0.10 0.00 | 0.00 
120 7 2010 | 
35 Ethanol: NH; : H,O 0.29 0.30 0.05 | 0.05 
SOR lOO 
4, Phenol : H,O 0.84 0.85 0.37 0.35 
160 : 40 


Table Il. The ninhydrin positive spots which appeared had R; values 
coinciding with those of an authentic sample of d-aminovaleric acid. When 


6-AMINOVALERATE-GLUTAMATE TRANSAMINASE 417 


either substrate was omitted from the reaction mixture, no ninhydrin posi- 
tive spot could be detected. By analysis of the spots it was found that 8.5 
vmoles of the t-glutamic acid had been consumed during the reaction. 
Identification of Glutaric Semialdehyde as a Reaction Product—Fifty pmoles of 
d-aminovaleric acid, 50 moles of a-ketoglutaric acid, 50g. of pyridoxal 
phosphate, 60 ymoles of phosphate buffer and 0.7 ml. of the enzyme prepara- 
tion, in a total volume of 2ml. was incubated for one hour at 30°. Then an 
equal volume of a 0.3 per cent solution of 2,4-dinitrophenylhydrazine in 2N 
HCl was added to the deproteinized mixture. After several hours the mixture 
was centrifuged. The crystals which precipitated were mainly the hydrazone 
of a-ketoglutarate. The supernatant was shaken vigorously with I ml. of 
ethyl acetate and 0.1 ml. of the ethyl acetate layer was chromatographed 
as shown in Table IV. The hydrazones of both a-ketoglutarate and glutaric 


TABLE IV 


Ry of the Hydrazones of Glutaric Semialdehyde and of the 
Compound in the Reaction Mixture 


= 


: | Compound in _ 
Solvent ee | the reaction a-Ketoglutarate 
ees | eaveinle 5 
iso-Propanol : H,O : NH, 0.40 | 0.39 0.1 
120 2 BO a ie) | 
n-Butanol : Ethanol : NH; : H,O 0.50 0.52 0.1 
SOs 1D ‘20 Oe lO | 
Ethanol : Petroleum ether 0.99 0.95 | 0.52 
40 : 10 | 
tert-Amyl] alcohol : Ethanol : H,O 0.93 0.90 0.70 
25 oe 5 20) 


semialdehyde were also applied to the paper as controls. The Ry of the 
yellowish brown spot from the reaction mixture coincided with that of the 
hydrazone of glutaric semialdehyde. No hydrazone spot could be detected 
when either 6-aminovaleric acid or a-ketoglutaric acid was omitted from the 
reaction mixture. Aliquots of the reaction mixture were taken to measure 
the amount of t-glutamic acid formed, and this was estimated as 4.9 ymoles. 

Inhibitors and Cofactors—To avoid the complication that the inhibitor used 
might react with L-glutamic acid decarboxylase, L-glutamic acid was deter- 
mined quantitatively by paper chromatography using solvent No. | given 
in Table III. After development, the area of the paper corresponding to 
the position of L-glutamic acid was cut out and eluted with | ml. of water. 
The amino acid concentration was measured with ninhydrin (J). 

As shown in Table V, p-chloromercuribenzoate inhibited the reaction 
markedly, suggesting that an SH-group may be involved in the transaminase 
reaction. Although hydroxylamine and semicarbazide also inhibited the re- 
action, it is uncertain whether these carbonyl reagents showed enzyme in- 
hibition or whether they had an effect by combining with the a-ketoglutaric 
acid and thus decreasing the concentration of this substrate. 
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It is clear that pyridoxal phosphate is a cofactor for the transaminase, 
but without its addition to the reaction mixture the enzyme preparation 
used in this study showed fair activity. Extensive dialysis of the enzyme 


TABLE V 


The Effect of Inhibitors on the Transaminase Reaction 


Inhibitor | Concentration | Glutamate formed 
: ; a ay, ; mM | pmole 

— — 1 
p-Chloromercuribenzoate lee Oss 0.8 
Ethylenediamine tetracetate | I< 10m? 3.3 
Hydoxylamine | - OEP 
Semicarbazide 3 0.5 
Sodium azide m 3.0 


against 7X10-°M phosphate buffer containing 1x10-*4Z_ hydroxylamine for 
14hours and then against a similar buffer without hydroxylamine for 3 hours 
resulted in a preparation which was inactive without the addition of pyri- 


doxal phosphate (Table VI). 


Taste VI 
Effect of Pyridoxal Phosphate on the Transaminase Activity 
Dialysis | Pyridoxal phosphate | Glutamate formed 
cre ’ | LS.  pmoles 
=. 2 aaa 3.2 
Before 
50 | 3.1 
= Mk MoT as 
— 0.3 
After 50 2.4 
| | 
100 | 2) 
DISCUSSION 


The formation of d-aminovaleric acid from proline was discovered by 
Stickland in 1935 using Clostridium (9), and proline reductase was isolated 
by Stadtman et al. (8). The formation of this w-amino acid from lysine 
was also suggested by Neuberger and Sanger in 1944 (18). and Suda 
et al. found in 1954 that L-lysine was converted oxidatively to 6-aminovaleric 
acid in Pseudomonas (1). Subsequently they isolated and purified .-lysine 
oxidase from this bacteria (7). Rothstein and Miller, however, found 
that in animals L-lysine was metabolized maninly to pipecolic acid (7). 

In 1954 Suda et al. working with Pseudomonas (1) and Roberts work- 
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ing with E. Coli, Aspergyllus and mouse liver (2), reported on the transaminase 
of d-aminovaleric acid. Neither paper however, gave details of the trans- 
aminase such as substrate specificity or identification of the end product. 
Baxter and Roberts (3) have purified ;-aminobutyrate-glutamate trans- 
aminase from beef brain, while Nishizuka e¢ al. (10) have obtained [- 
alanine -alanine transaminase in a purified form from Pseudomonas fluorescens. 
Both transaminases have a rather low substrate specificity and 6-amino- 
valeric acid as well as f$-alanine and 7-aminobutyric acid can be trans- 
aminated. 

The transaminase reported here, however, has a very strict specificity 
for d-aminovaleric acid, and is thus distinct from the two enzymes mention- 
ed above. 

The reaction proceeds as follows: 


CH,NH, COOH CHO COOH 
CH, CH, CH, CH, 
CH, TCH CEL CH 
CH, CO CH, GHNH, 
COOH COOH COOH COOH 


Glutaric semialdehyde and glutamic acid were identified as the end products. 

Scott and Jacoby (J//) isolated y-aminobutyric acid-glutamic acid 
transaminase from Pseudomonas fluorescens. This had a very similar nature to 
the enzyme reported here but 0-aminovaleric acid could not be used as a 
substrate. 

With the present enzyme preparation, the observation that prolonged 
dialysis resulted in a preparation which was inactive without the addition 
of pyridoxal phosphate strongly indicates that pyridoxal phosphate is a 
cofactor. 

Studies on the metabolism of d-aminovaleric acid began when Keil 
isolated $-aminomethylethylketone from dog urine after administration of 
6-aminovaleric acid (/2). This amino acid has also been shown to be neither 
glycogenic nor ketogenic (3). Rothstein and Miller showed that 0- 
aminovaleric acid is converted to glutaric and glutamic acids in rats in vivo 
(14). Since glutaric acid can be converted to a-ketoglutaric acid (15, 16), 
the formation of glutamic acid is probably via a-ketoglutaric acid. 

Rothstein and Miller suggested that the metabolic pathway of 0- 
aminovaleric acid was as follows: 

d-aminovaleric acid —~ glutaric semialdehyde Cr) 

glutaric semialdehyde —— glutaric acid (25) 
The present study shows the existence of reaction (J). Reaction (2) was 
recently demonstrated in an extract of an acetone powder of the same 
Pseudomonas by showing that pyridine nucleotide was reduced when glutaric 
semialdehyde was added. A study of this hydrogenase is now in progress, 
and will be reported soon. 
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SUMMARY 


1. 6-Aminovaleric acid-glutamic acid transaminase was isolated from 
Pseudomonas and purified. 
2. This enzyme catalyzes the following reaction: 


6-aminovaleric acid glutaric semialdehyde 


pa 


a-ketoglutaric acid L-glutamic acid 


Substrate specificity was restricted to a-aminovaleric acid and a-ketoglutaric 
acid. None of the several amino acids nor pyruvic acid tested were inactive. 
Glutaric semialdehyde was identified as the product of the forward reaction 
and d-aminovaleric acid as that of the reverse reaction. 


The authors wish to thank Drs. S. Akabori and T. Okuda of this Institute for 
generous supply of glutaric semialdehyde ethylester. 
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Specific amino acid decarboxylases have often been used as convenient 
tools for the determination of various amino acids (/). Among a number 
of L-amino acids examined, Gale established a method for the determina- 
tion of L-lysine, using an acetone powder of Bacterium cadaveris (2). Recently 
the authors have found a species of Pseudomonas which adaptively metabolizes. 
p- and t-lysine (3). 

An acetone powder of this bacteria contains L-lysine oxidase and lysine 
racemase. ‘The t-lysine oxidase is very specific for L-lysine, metabolizing 
it to d-aminovaleric acid with a simultaneous equimolecular oxygen con- 
sumption (4). Hydroxylamine completely inhibits the action of the racemase, 
but not that of the oxidase (5). 

The present paper describes the manometric, differential determination 
of L- and p-lysine by this acetone powder of Pseudomonas which contains. 
L-lysine oxidase and lysine racemase. 


METHODS 


Preparation of the Acetone Dried Powder of Pseudomonas—The strain of Pseudomonas used 
for this work was the same as that used in the previous work (3). The bacteria grown in 


TABLE | 


pi-Lysine Medium 


g. per liter 


Compound | 
Na, HPO, | 3 
KH,PO, 2 
pi-Lysine - HCl 2 
NaCl | 1 
MgSO, 0.05 


Final pH adjusted to 7.4 with NaOH 


peptone-bouillon medium were harvested and inoculated into 10 liters of pi-lysine me- 
dium, as shown in Table I. After maximal growth had been obtained, the bacteria 
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were harvested in a Sharples centrifuge, and washed with 100ml. of cold water. They 
were then mixed with 2 liters of cold acetone (—15°) with vigorous stirring. After 15 
minutes, the bacterial cells were recovered through a Buchner’s funnel. The packed cell 
cake was rapidly air-dried and then stored in a desiccator in vacuo. 

One gram of the acetone powder was suspended in 40 ml. of water. After homoge- 
nization, 0.5ml. of the suspension per Warburg manometer vessel was used for lysine 
assay. 

The acetone powder could be prepared from resting cells adapted to pi-lysine, as 
reported previously (3). The t-lysine oxidase activity was the same in both preparations. 

Assay Method—A conventional Warburg manometer was used to assay the lysine. The 
main compartment of the vessels contained; 0.5ml. of the acetone powder suspension 
and 60 moles of phosphate buffer (pH 8.0), and the side chamber; 0.1 to 0.5ml. of 
substrate. The total volume was made up to 2ml. with distilled water. 

When t-lysine was to be measured, 40 wmoles of hydroxylamine was added to the 
contents of the main chamber. 

Oxygen consumption was measured at 30°. After completion of the reaction, the 
total amount of lysine was calculated from the amount of oxygen consumed in the 
absence of hydroxylamine, and the amount of t-lysine from that consumed in the pre- 
sence of hydroxylamine. The amount of p-lysine was deduced by subtracting the amount 
of t-lysine from the total lysine. 


RESULTS AND DISCUSSION 


Preliminary Experiments—As reported previously, our L-lysine oxidase is 
very specific for L-lysine and was without activity with fifteen other amino 
acids tested (4). This.was also true with a preparation of the acetone pow- 
der of cells adapted to pi-lysine. The oxygen consumption was proportional 
and equimolar to the L-lysine concentration, as shown in Fig. 1. The con- 
centration of hydroxylamine used completely inhibits the racemase (5), but 
has no effect on the L-lysine oxidase activity (4, 5). The results shown in 
Fig. 1 are repeatable with errors of +0.5 “moles. Therefore the method is 
good except when concentrations of less than 2#moles of lysine are to be 
measured. 

Application of the Method to the Determination of Lysine in Rat Urine—There 
have been a number of reports showing that p-lysine cannot support the 
growth of rats (6) and mice (7). Miller and his colleagues showed by per- 
fusion (8) and in vivo experiments (9) that p-lysine is not significantly 
metabolized in rat liver. 

We studied the distribution of p-lysine in the body of rats after it had 
been injected intramuscularly. One hundred and fifty g. male albino 
rats were fed on a diet of 20 per cent casein. Each animal received an 
intramuscular injection of 200mg. of pt-lysine -HCl (1100 moles) in 1 
ml. of 0.9 per cent saline solution. After this, feeding was discontinued 
and the urine was collected in flasks containing I ml. of 1 N HCl. p-Lysine 
and t-lysine were measured in the 24 hour urine samples. Some of the 
rats were killed after 24 hours. The viscera, liver and the carcass were 
homogenized in a Waring blender with 5 per cent perchloric acid solution. 
‘The extracts were neutralized and centrifuged. The supernatants were con- 
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OXYGEN CONSUMPTION Cul.) 


4 he St 


4 @ 12 (6 20° 24 
CONCENTRATION OF ot-LVSINE (pm) 


Fic. 1. Oxygen consumption with different concen- 
tration of pt-lysine. 

At each of the concentrations indicated, L-lysine 
(dotted line) was measured in the presence of and DL- 
lysine (solid line) in the absence of hydroxylamine. p- 
lysine was calculated from the difference between these 
two concentrations, as described in the text. 


Tasre IL 
Distribution of v- and i-Lysine 24 Hours after Injection of pu-Lysine 


Re 3” 6 3” 
Lysine ie eis chee (op | ie 
Urea day | 0 | ATEN) 255° eno) NRQ7 S56 
Liver ee — a alae | 15 
Bloods ama accra | i ae ee ee ae | 54 
Ghee : -- — — E — | 63 | 70 
Urine-2nd day - aa | 90 23 =| = 
reas — | — | 6 a ea 


Figures represent the mean values (in ymoles) in the rats 
tested. 

a) Control rats. 

b) Rats were killed after 24 hours. 


centrated to small volume and the amounts of p- and L-lysine measured. 
The results are shown in Table IJ. It was found that about 50 per cent 
of the p-lysine injected was excreted in the urine within 24 hours after its 
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injection, Lesser amounts were excreted during the subsequent two or three 
days. The amount of t-lysine in the urine did not increase significantly 
over the control value. Fifty per cent of the injected p-lysine was recovered 
-in the urine within 24 hours and about 20 per cent in the body of the 
rats. These results are compatible with those reported previously for D- 
lysine-C* (9) ane p-lysine-N® (0). 

It is very interesting that over 80 per cent of the L-lysine injected could 
not be found in either the urine or nonprotein contents of the body. It 
had probably either been metabolized or incorporated into body protein. 
The p-lysine unaccounted for may have been metabolized, but its disap- 
pearance was probably due to technical error. Ratner ef al. found that 
40 per cent of p-lysine nitrogen was metabolized (/0), whereas. Rothstein 
and Miller claim that p-lysine is neither metabolized nor incorporated 
into proteins (9). 


SUMMARY 


1. A manometric method for the differential determination of L- and 
p-lysine has been developed, using a preparation of the acetone powder of 
Pseudomonas bacteria, which contains t-lysine oxidase and its racemase. 
The method is quite specific for lysime and gives an error of +0.5 wmoles. 

2. Using this method the fate of pt-lysine following its injection into 
rats was investigated. Seventy per cent of the p-lysine and less than 20 
per cent of the L-lysine could be detected in the urine and non-protein 
contents of the body 24 hours after its injection. 
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There is little knowledge of the mechanism involved in the action of 
kanamycin. —Tsukamura and Tsukamura (J) reported that kanamycin 
precipitates both nucleic acids, deoxypentose nucleic acid (DNA) and 
pentose nucleic acid (RNA), especially the latter one. Aoki, Hayashi 
and Ito (2) reported on the inhibition of the adaptive oxidation of benzoic 
acid, niacin and malonic acid by kanamycin in Mycobacterium avium. These 
results suggested that kanamycin may inhibit the function of RNA. Isotopic 
studies, which are reported in the present paper, seems to support this 
hypothesis. 


MATERIALS AND METHODS 


Strain—Mycobacterium avium, strain Jucho, was used throughout. The Kanamycin- 
resistant strain used was isolated from the parent sensitive strain by multi-step selection 
with increasing concentrations of kanamycin. It was resistant to lyg. of kanamycin per 
ml. 

Eight day-old cultures of both sensitive and resistant strains grown in modified 
Sauton medium, in which sodium glutamate was substituted for asparagine, were used 
as the sources of cell suspensions. This culture age corresponded to the stationary growth 
phase. 

Preparation of Cell Suspensions—The cells grown were washed three times with physio- 
logical saline, homogenized by shaking with glass beads and suspended in 0.033 M phos- 
phate buffer, pH 7.1, or in phosphorus-deficient medium consisted of 20ml. of glyceriol, 
2.0g. of sodium glutamate, 1.0g. of sodium citrate, 0.25g. of magnesium sulfate, 0.25 ¢. 
of pottassium chloride, 0.025¢g. of ferrous sulfate, and 980 ml. of distilled water (pH7.0). 
To these cell suspensions, radioisotopes and kanamycin sulfate (Meiji Seika Co.) were 
added to obtain appropriate final concentrations. 

Each reaction mixture (4.0ml.) was contained in a centrifugation tube and incubated 
statically at 37°. The amounts of cells in the reaction mixture were expressed as mg., 
wet weight, of cells. 

Fractionation of Phosphorus Componuds—After an appropriate period of incubation 
(static culture), the cells were collected by centrifugation and washed three times in 
distilled water. The last washing fluid contained practically no P®? radioactivity. The 
cells were fractionated according to the procedure of Schneider (3). 

Fractionation of Sulfur Compounds—The cells were collected by centrifugation and 
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washed four times in distilled water. The cells were then extracted three times with 10 
per cent trichloroacetic acid (TCA). These extracts were designated as the TCA-soluble 
fraction. The following fractionation was conducted according to the procedure of 
Schneider (3). The protein fraction obtained by this fractionation was designated as 
the TCA-insoluble fraction. 

Isotopic Techniques—Each 0.2ml. of fractions was placed onto stainless steel planchets 
and heated to dryness. The radioactivity was counted by a Geiger Mueller counter. P#?- 
orthophosphate supplied by the Radiochemical Center, Amersham, England, and $*°- 
sulfate supplied by the Commissariat a l’Energiew Atomique, Saclay, France, were used. 
The amounts of isotopes were expressed as ‘“‘counts per minute”? (c.p.m.) per 1 yg. of 
DNA. The amount of DNA remained unchanged throughout the experiments. 

Determination of the Amounts of DNA and RNA—The amounts of DNA and RNA were 
determined in the nucleic acid fraction by the diphenylamine reaction (4) and the oricino]- 
HCI reaction (5), respectively. , 


RESULTS 


Inhibition of the Incorporation of Radioactive Phosphorus (P**) into the Nucleic 
Acid and into the Protein Fractions—Incorporations of P® into the nucleic acid 
and into the protein fractions of the parent sensitive strain were inhibited 
by the presence of only 1 yg. of kanamycin per ml. (Table I). Incorporation 
of P® into the acid-soluble fraction was not inhibited significantly. 


TABLE I 


Distribution of Radioactivity from Incorporated P?? in Cellular Fractions 
of Parent Sensitive Strain 


Radioactivity as c.p.m. per 1 wg. of DNA 
Reaction Time of : 
Fraction : 
System)? Incubation we | : 
aa — _Phosphatide ae Protein 
Control 8.30 0.27 8.90 0.44 
1 Hour 
KM 1 yg./ml. 6.50 0.22 8.00 0.44 
Control 10.2 0.26 1222 0.83 
2 Hour 
KM 1 yg./ml. 9.82 0.22 10.4 0.42 
Control 10.4 1.40 14.0 1.00 
3 Hour 
KM 1 pg./ml. 10.7 0.42 9.00 0.46 
Control 9.08 0.66 20.6 1.88 
5 Hour 
KM 1 yg./ml. TRS | 0.16 9.30 0.32 


1) Reaction system (4.0 ml.): Cells suspended in phosphorus-deficient medium, 
45 mg./ml.; P*?-orthophosphate, 1.5 c./ml.; Kanamycin sulfate (KM), 0 or 
1 yg./ml., (in final concentrations) 


Inhibition of the Incorporation of Radioative Sulfur (S**) into the TCA-Soluble 
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and TC'A-Insoluble Fractions—Incorporations of S* into the both TCA-soluble 
and TCA-insoluble fractions of the parent sensitive strain were inhibited 
significantly by the presence of 1 yg. of kanamycin per ml. (Table II). Such 
inhibitions occurred markedly also in the presence of 10 ug. of streptomycin 
per ml. as well as 5yg. of viomycin per ml. Inhibition of protein synthetis 
by streptomycin and that by viomycin were recently reported by Erdés and 
Ullmann (6) and Tsukamura (7), respectively. 


Taste II 
Distribution of Radioactivity from Incorporated S3° in Cellular Fractions 
of Parent Sensitive Strain 


Radioactivity as c.p.m. per 1 yg. of DNA 


Reaction | Time of 
System? lan ay 
ee mneabanon | TCA-Soluble Fraction | TCA-Insoluble Fraction 
=e | é | a f 
Control | 12.4 | 9.29 
KM 1 yg./ml. | 8.39 4.86 
| 1 Hour | | 
SM 10 pg./ml. | 3.46 | 5.53 
VM 5yg./ml. | 5.99 | 3.50 
Control | | 16.3 . ee 
KM_ 1 pg./ml. 5.78 9.11 
SM 10 yg-/ml. ree 3.15 | 3.67 
VM 5yg./ml. 4.40 | 4.87 
Control | | 21.8 | 19.6 
KM_ 1 yg./ml. 15.1 9.56 
5 Hours | 
SM 10yg./ml. | | 5.18 2.40 
VM 5ypg./ml. | | 7.54 2.56 


1) Reaction system (4.0ml.): Cells suspended in 0.033 M phosphate buffer, 
pH7.1, 25mg./ml.; S?*-sulfate, 10 wc/ml.; No drug, Kanamycin sulfate (KM) 
lyg./ml., dihydrostreptmycin sulfate (SM) 10yg./ml., or viomycin sulfate 
(VM) 5yg./ml. (in final concentrations) 


The incorporation of S® into the TCA-insoluble fraction was inhibited 
much more markedly in 0.05 sodium citrate solutions than in 0.03 AZ 
phosphate buffer solutions (Data are not shown). This finding was com- 
patible with the fact that antimycobacterial action of kanamycin decreased 
by increasing concentrations of phosphate (8). 

The concentration of kanamycin (1 yvg./ml.) used in these experiments 
inhibited almost completely the growth of the parent sensitive strain after 
a lag period of a few multiplications. It acted, however, only partially 
bactericidal. As shown in table III, loss of viability occurred only in a 
portion of the total bacterial population after a 3 hour incubation in the 
test concentration. 

Incorporations of Radioative Phosphorus (P*) and Radioactive Sulfur (S35) into 
the Cellular Fractions of the Kanamycin-Resistant Strain in the Presence and Absence 
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of Kanamycin—Incorporations of P® and S* into different cel 


lular fractions 


of the kanamycin-resistant strain were not inhibited by the presence of | yg. 


of kanamycin per ml. (Tables IV and V). In addition, it 


was observed 


that, in the absence of kanamycin, the incorporations of the isotopes into 
cellular fractions occurred more rapidly in the kanamycin-resistant strain 
than in the parent sensitive strain (Compare Tables I and II with Tables 


IV and V). This finding suggests that the turnover rate 


was higher in 


the kanamycin-resistant strain, because the amount of DNA remained 


constant throughout the study. 


Tas_e III 


Loss of Viability after the Contact with Kanamycin for 3 Hours 


Number of Viable Cell Units per 


Kanamycin | 

Concentration | mg., Wet Weight of Cells? 
0 yg./ml. 2.03% 108/mg. (100.0%) 
I | 1.32 108/mg. ( 65.0%) 
10 7.60% 105/mg. ( 37.4%) 


1) Determined by usual plate count method after 
washing cells three times with saline. 

Reaction system consisted of washed cells, 0.70 to 
0.76 mg./ml.; 0.033M phosphate buffer, pH7.1; and 
kanamycin, 0, 1, or 10 wg./ml. (in final concentrations). 


TABLE IV 


Distribution of Radioactivity from Incorporated P®? in Cellular Fractions 


of Kanamycin-Resistant Strain 


Radioactivity as c.p.m. per l yg. of DNA 
Reaction Time of aerie 
Fraction : 
System? | Incubation 5 : 
ae | Phosphatide | goed Protein 
Control 226,55 | 2.48 40.0 2.10 
1 Hour 
KM 1 yg./ml. 21.6 4.12 38.0 2.24 
Control 21.7 Ay) 573) | PERO 
2 Hours | 
KM 1 ypg./ml. 23.4 2.47 61.1 | 2.90 
2 a eh. a bs De : > ihe 
Control | been ES 240. bern SOBoeel 5.60 
| 3 Hours 
KM 1 yg./ml. 28.8 4,20 50.3 3.93 
Control 22.5 22> 69.1 10.0 
| 5 Hours | 
KM 1 pg./ml. | 24.6 2.92 Gy7t8) 9.30 


1) Reaction system (4.0 ml): Cells suspended in phosphorus deficient medium, 
18mg./ml.; P%2-orthophosphate, 1.5 pc/ml.; Kanamycin sulphate (KM), 0 or | 


pg./ml. (in final concentrations) 
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The incorporations of the isotopes were as significantly inhibited by the 
presence of 10 yg. of streptomycin per ml. or 5yg. of viomycin per ml. as 
in the parent sensitive strain (Tables II and V). 


TABLE V 


Distribution of Radioactivity from Incorporated S3° in Cellular Fractions 
of Kanamycin-Resistant Strain 


. e z 
Reacion Time of Radioactivity as c.p.m. per 1 wg. of DNA 
System)? ; 

4 ee ere TCAcsoble Fracton, | "TOA-tnroluble:# traction 
Gontrot 13.9 23.3 
KM 1 yg./ml. 13.9 19.6 

1 Hour 
SM 10 pg./ml. 5.68 6.40 
VM 5yg./ml. 9.00 | 10.6 
Control 26.0 78.2 
KM 1 yg./ml. 22.5 51.0 
3 Hours 
SM 10 yg./ml. 9.53 7.64 
VM 5yg./ml. 14.3 12.4 
Control 26.0 | 49.8 
KM 1 yg./ml. 32.2 60.1 
5 Hours 
SM_ 10 pg./ml. 6.71 11.9 
VM 5yg./ml. 16.7 22.0 


1) Reaction system (4.0ml.): Cells suspended in 0.033 M phosphate 
buffer, pH 7.1, 25mg./ml.; S?*-sulfate, 10 wc/ml.; No drug, kanamycin sulfate 
(KM) lyg./ml., dihydrostreptomycin sulfate (SM) 10 yg./ml., or viomycin 
sulfate (VM) 5 yg./ml. (in final concentrations) 


TaslLe VI 


The RNA: DNA Ratios Determined on 8-Day- 
Old Cultures of Both Kanamycin-Sensitive 
and -Resistant Strains 


Strain | RNA: DNAP 
Parent Sensitive | 6.39 +0.684 
Kanamycin-Resistant | 12.32+0.965 


1) (Mean of eight replicates) +(Standard 
deviation) 


In addition, it was found that the RNA:DNA ratio was higher in the 
kanamycin-resistant strain than in the kanamycin-sensitive strain (Table VEE 
This finding may be related to the rapid incorporations of isotopes into 
the nucleic acid and protein fractions of the kanamycin-resistant strain. 
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DISCUSSION 


The results show that the incorporation of P® into the nucleic acid 
and protein fractions of the parent sensitive strain are inhibited by the 
presence of only lyvg. of kanamycin per ml., and the incorporations of S* 
into the TCA-insoluble and TCA-insoluble (protein) fractions of the parent 
sensitive strain are also inhibited by the same concentration of the drug. 
The concentration of the drug used was as causing only a sight loss of 
viability. 

It had been confirmed that, under the conditions tested, the oxygen 
uptake of the test organism by the conventional Warburg method is not 
affected even in the presence of 100 vg. of kanamycin per ml., which is 100 
times higher than the concentration of the drug used in the present study 
(without substrate and with glucose, pyruvate, acetate and succinate added 
in a concentration of 0.0244). Therefore, it appears to be apparent that 
the inhibition of the incorporations of the isotopes is not due to the inhibit- 
ion of respiration (Author’s unpublished data). 

On the contrary, it was demonstrated that, in the kanamycin-resistant 
strain, the incorporations of both isotopes, P® and S*, were not inhibited 
in the presence of the same concentration of the dug. 

The results above obtained indicate that the incorporation of P® into 
the nucleic acid and protein fractions and the incorporation of S*® into 
the protein fraction of M. avium are inhibited in the presence of kanamycin 
(1 yvg./ml.). This finding seems to explain the data obtained by Aoki é¢ al. 
(2), who showed the inhibition of the adaptive oxidation of benzoic acid, 
niacin and malonic acid by Mycobacterium avium in the presence of kanamycin 
(but much higher concentration, 100 wg./ml.), because the adaptive oxidation 
is closely related to the function of RNA (9, 10). It is noteworthy that the 
kanamycin-resistant strain has a higher ratio of RNA:DNA and, further- 
more, incorporations of the isotopes occur more rapidly in the kanamycin- 
resistant strain. 


SUMMARY 


1. Kanamycin inhibits the incorporations of P® into the nucleic acid 
and protein fractions and the incorporations of S® into the TCA-soluble 
and protein (TCA-insoluble) fractions of the parent sensitive strain of 
Mycobacterium avium, strain Jucho. 

2. The incorporations of P®? and S** into cellular fractions of the 
kanamycin-resistant strain are not inhibited by kanamycin. Kanamycin- 
resistant strain has rapid incorporaiions of P® and S*® into the nucleic acid 
and protein fractions. The RNA:DNA ratio is higher in the kanamycin- 
resistant strain than in the parent sensitive strain. 
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In the previous report (/) evidences were presented that oxygen uptake 
during urocanic acid decomposition by liver and bacterial enzymes, was 
due to the oxidation of imidazolonepropionic acid, the product of the ac- 
tion of urocanase, and that hydrogen peroxide was involved in this oxida- 
tion. The initiation of the oxidation of imidazolonepropionic acid by 
hydrogen peroxide suggested that the reaction was of a peroxidatic character. 
This paper reports on the peroxidatic nature of the oxidation reaction 
catalyzed by a urocanase preparation obtained from cat liver. It will be 
shown that copper is involved in the reaction. 


EXPERIMENTAL 


Materials and Methods 


1. Urocanic acid was prepared enzymatically from t-histidine according to the 
procedure of Mehler, Tabor and Hayaishi (2) with a partial modification. 
Urocanic acid was determined spectrophotometrically by its ultra-violet absorption at 277 
my. The molecular extinction coefficient of urocanic acid at neutral pH was 18,800. 

2. a-Ketoglutaric acid amide was determined as its 2,4-dinitrophenylhydrazone by 
the method described previously (J). 


3. Horse-radish peroxidase was purified by ammonium sulfate precipitation by the 
method of Kenten and Mann (3). 


4. A lyophilized glucose oxidase preparation was obtained from Nagase Industry 
Co., Amagasaki, Japan. 


5. Beef liver catalase was prepared by the method of Sarker and Sumner (4). 


RESULTS AND DISCUSSION 


Cat liver urocanase was partially purified by acid and ammonium 
sulfate precipitation, calcium phosphate gel adsorption, and heat treatment 
(J). Until heat treatment, the urocanase preparation contained an enzyme 
system which converted urocanic acid to formamidinoglutaric acid. Heat 
treatment of calcium phosphate gel fraction (Fraction GG) at 63° for one 
minute in the presence of urocanate (5) (0.04; final concentration) 
destroyed the imidazolone hydrase of Feinberg and Green berg 16)an 
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enzyme forming formamidinoglutaric acid from imidazolonepropionic acid. 
When this heat treated urocanase preparation (Fraction H) was incubated 
with urocanic acid, oxygen uptake was observed and a-ketoglutaric acid 
amide and other oxidation products were formed. In the following experi- 
ments, a-ketoglutaric acid amide formation was used as a measure of oxida- 
tion for the elucidation of the oxidation mechanism. 

During the study of the oxygen consumption by this enzyme prepara- 
tion, it was fouud that oxygen uptake was completely inhibited by crystal- 
line beef liver catalase, and that the lag in oxygen uptake could be 
eliminated by a small amount of added hydrogen peroxide (J). As shown 
in Table I, the inhibition of oxygen uptake by catalase accounted for the 
inhibition of a-ketoglutaric acid amide formation. 


TaBLeE I 
Effect of Catalase on Oxygen Uptake and KGAA* Formation 


Catalase added | Total O, uptake KGAA Formed 
: ; AS ai = a ae a % 2 uM ry 
0 | 56.6 | 1.37 
1.6 | 21.2 | 0.93 
3.2 | 12.5 0.59 


100 wm of phosphate buffer, pH 7.4, 6 ym of urocanic 
acid, 6mg. of Fraction H protein and beef liver catalase 
as indicated, in a total volume of 3.0 ml., were incubated 
in Warburg vessels at 37° for 120 minutes. 


TABLE II 


KGAA Formation by Fraction CG in Presence of an H,O3-generating 
System and Horse-radish Peroxidase 


System | KGAA formed 
= = Feo ee es ier ee 
Complete 0.30 
< —UCA | 0.00 
ss —glucose and glucose oxidase | 0.01 
55 —horse-radish peroxidase 0.01 


Complete system contained, in a total volume of 2.0 ml, 
100 ym of phosphate buffer, pH 7.4, 2 wm of urocanic acid, 
0.3 mg. of Fraction CG, 4.0 mg. of glucose, 0.4 mg. of glucose 
oxidase preparation and 0.2 ml. of horse-radish peroxidase. 
Incubated at 37° for 60 minutes. 


As mentioned above, when Fraction GG was incubated with urocanic 
acid formamidinoglutaric acid was formed stoichiometrically from urocanic 


* The following abbreviations are used: KGAA=a-ketoglutaric acid amide ; UCA= 
urocanic acid ; DDC=sodium diethyldithiocarbamate ; DEAE-cellulose=diethylaminoethyl- 
cellulose. 
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acid and no oxygen was consumed. However, when Fraction CG was 
incubated with urocanic acid and horse-radish peroxidase and an H,O;- 
generating system, a-ketoglutaric acid amide and other oxidation products 
were produced. This indicates that imidazolonepropionic acid formed by 
the action of urocanase acts as a substrate for peroxidase. 

Peroxidatic Nature of Oxidation Reaction—As mentioned above, the initiation 
of oxidation by hydrogen peroxide suggested two possibilities for the 
oxidation mechanism. One is due to the oxidase action of peroxidase. 
Theorell and Swedin (7), Chance (8), Galston, Bonner, and 
Baker (9), Ray (10), and Yamazaki (/1) reported the reactions of this 
type using dihydroxyfumaric acid, indoleacetic acid and triose reductone as 
peroxidase substrates. It must be noted that these substances are easily 
oxidizable and this is also the case with imidazolonepropionic acid in our 
system (1, 6). Another possibility is the activation of an oxidizing enzyme 
by hydrogen peroxide. This type has been reported by Tanaka and 
Knox in the tryptophan pyrrolase reaction (/2). The latter possibility 
was disproved by the experiment presented in Table III. Fraction H was 
incubated with urocanic acid under aerobic and anaerobic conditions. 


Tasce III 


Requirement for H,O, for Formation of KGAA 
in Absence of Oxygen 


Expt. | HO, UCA KGAA 
No. | added disappeared formed 
; uM ; uM | uM 
]® | 0 1.0 0.28 
2, 0 1.0 0.04 
3 20 1.0 | Ons 
| 40 1.0 0.31 
a) Aerobic ae i 


100 wm of phosphate buffer, pH 7.4, 1.0 wm of urocanic 
acid and 0.12 mg. of Fraction H, in a total volume of 2.0 


ml., were incubated under N, in Thunberg tubes for 60 
minutes at 37°. 


Aerobically a-ketoglutaric acid amide and a carbamyl derivatives were 
formed. However, in the absence of oxygen, the main product was formyl- 
DL-isoglutamine, which was formed non-enzymatically from imidazolone- 
propionic acid (J). As shown in Table III, when Fraction H was incubated 
with urocanic acid under N; with added hydrogen peroxide, a-ketoglutaric © 
acid amide was detected in the incubation mixture. Fraction H protein 
used had no catalase activity. Addition of hydrogen peroxide during 
aerobic incubation did not increase the rate of a-ketoglutaric acid amide 
formation, 

Effect of Cyanide on Formation of a-Ketoglutaric Acid Amide—It was very 
difficult to show the effect of cyanide on a-ketoglutaric acid amide forma- 
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tion, since urocanase which gives rise to imidazolonepropionic acid, the 
substrate for the oxidation, is considerably inhibited by cyanide (J, 6, 13). 
However, it was found that the a-ketoglutaric acid amide forming system 
was more sensitive than urocanase to cyanide. Therefore, to demonstrate 
the effect of cyanide on a-ketoglutaric acid amide formation clearly, the 
ratio of ‘a-ketoglutaric acid amide formed/urocanic acid disappeared’ was 
measured at various concentrations of cyanide. The result is shown in Fig. 


1. Azide did not inhibit either the urocanase or the a-ketoglutaric acid 
amide forming system. 


= 

Q 0.3 

ac 
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SO 
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Fic. 1. Effect of cyanide on KGAA formation. 

100 ym of phosphate buffer, pH 7.4, 0.12 mg. of Fraction H, 
and potassium cyanide as indicated were preincubated for 15 
minutes at 37°. Reaction was started by the addition of 1 ym of 
urocanic acid. ‘Total volume, 2.0m]. Incubation for 120 minutes 


ate ove 
TasLe 1V 
Inhibitory Effect of DDC on KGAA Formation 
Final concen- KGAA Per cent 
tration of DDC | formed inhibition 
are 1 al Ta ee % 
0 0.58 0 
1x 10-4 0.51 12.6 
3x10-4 | 0.34 41.8 


100 wm of phosphate buffer, pH 6.8, 0.12 mg. of Fraction H, 
and DDC, in a volume of 1.9ml., were preincubated for 15 
minutes. The reaction was started by the addition of 2.0 ym (0.1 
ml.) of urocanic acid. Incubated at 37° for 60 minutes. 

Higher concentrations of DDC gave irregular results possibly 
due to destruction of DDC. 


Absence of Iron Porphyrin Protein in Urocanase Preparation—The inhibitory 
action of cyanide on a-ketoglutaric acid amide formation suggested the 
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participation of some heavy metal in the reaction. This and the peroxidatic 
nature of the reaction strongly suggested the presence of an iron porphyrin 
protein in the preparation acting as a peroxidase. 

The absorption spectrum of Fraction H protein, however, had no iron 
porphyrin-like absorption maxima. Moreover, no pyridine hemochromogen 
was formed when Fraction H was mixed with pyridine-NaOH. 

No peroxidase activity of Fraction H protein could be demonstrated 
using reduced indophenol dye or guaiacol as a hydrogen donor. 

Participation of Copper in Oxidation Reaction—a-Ketoglutaric acid amide 
formation by Fraction H protein was inhibited by sodium diethyldithio- 
carbamate. Urocanase activity was not affected by diethyldithiocarbamate. 
As the addition of sodium diethyldithiocarbamate at higher concentrations 


TaBLe V 


Inhibition of KGAA Formation by DDC-treated Enzyme 
and Reversal of Inhibition by Copper 


: ki : ae = E 
Expt. GusOzs ei UCA KGAAW Ratio 
No. final concen. | disappeared | formed | KGAA/UCA 
Saree «| uM | ms 
12 0 | 1.00 0.30 | 0.30 
0 | 1.00 0.06 0.06 
1 FOseoe 1.00 0.10 | 0.10 
1X 105%) 1 0.92» | 0.24 0.26 


a) In Experiment 1, Fraction H protein not treated with DDC was used. 

b) Higher concentrations of Cu** inhibited the urocanase activity. 

100 wm of phosphate buffer, pH 7.4, and 0.95 mg. of DDC-treated Fraction H, 
with or without CuSQO,, in a volume of 1.9 ml., were preincubated for 15 minutes 
at 37°. The reaction was started by the addition of 1.0 um (0.1 ml.) of urocanic 
acid. Incubated for 90 minutes at 37°. 


gave irregular results, the following experiment was undertaken. Diethyl- 
dithiocarbamate at a final concentration of 1x 10-* MZ was added to Fraction 
H. After standing for 30 minutes at 2°, the mixture was dialyzed against 
250 volumes of distilled water for three hours with three changes of water. 
This treatment completely removed the inhibitor. 

There was no significant oxygen uptake or a-ketoglutaric acid amide 
formation with diethyldithiocarbamate-treated enzyme during urocanic acid 
decomposition. This inhibition of oxidation was reversed by the addition 
of a low concentration of CuSO, Addition of CuSO, to the incubation 
mixture to a final concentration of 1x10-° M, almost completely reversed 
the inhibition caused by sodium diethyldithiocarbamate. Since about 1 mg. 
of Fraction H protein was used in this experiment, the concentrations of 
protein and of CuSO, in the incubation mixture were of the same order of 
magnitude. 

Fett, Fet++, Mnt+ and Nit* did not reverse the inhibition. 
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When fraction H protein not treated with diethyldithiocarbamate and 
dialyzed against distilled water was used, there was no decrease in the 
ability to form a-ketoglutaric acid amide from urocanic acid. It is, there- 
fore, assumed that the reaction is catalyzed not by free but by bound 
copper. The nature of the bound copper is unknown. It is not clear 
whether the peroxidation of imidazolonepropionic acid is catalyzed by a 
specific or non-specific copper-protein, or by the urocanase to which the 
metal is in some way bound. However, the elucidation of this mechanism 
is very difficult because imidazolonepropionic acid is not isolated. 

Similar results were obtained for the oxidation of imidazolonepropionic 
acid by a bacterial urocanase preparation. It was reported that the 
urocanase of Pseudomonas aeruginosa when treated as described above, showed 
no oxygen uptake (J). 

From the above data, it is seen that a-ketoglutaric acid amide is formed 
from imidazolonepropionic acid by a peroxidatic reaction and that copper 
is involved in this reaction. 

Attempts to separate the urocanase activity from the peroxidase active 
fraction by column chromatography on DEAE-cellulose, by adsorption on 
calcium phosphate gel or alumina C, gel were without success. 


SUMMARY 

1. a-Ketoglutaric acid amide, one of the oxidation products of urocanic 
acid, is formed by a peroxidatic reaction. 

2. Since a-ketoglutaric acid amide formation is inhibited by potassium 
cyanide and by sodium diethyldithiocarbamate, and since the inhibition by 
the latter compound can be reversed by the addition of a low concentra- 
tion of copper, it is assumed that the peroxidatic reaction is catalyzed by 


a Cu-protein. 
3. Iron porphyrin protein does not seem to be involved in this reaction. 
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It had been reported by Natelson eé al. (1) and Weil-Malherbe 
el al. (2) that adrenaline and noradrenaline were converted quantitatively 
into strongly fluorescent and stable products by their reaction with ethyl- 
enediamine, and Weil-Malherbe et al. (3) devised the fluorimetric 
separative determination of adrenaline and noradrenaline by use of two 
kinds of secondary filters, based on the difference of the fluorescence spectra 
of the condensation products of both catechol amines. They also assumed 
that the reaction proceeds by an oxidation of adrenaline to adrenochrome 
and the condensate is derived by simple condensation of adrenochrome 
with ethylenediamine. Thereafter, it had been commonly assumed that 
each catechol derivative forms a single fluorescent condensate respectively. 

This reaction, however, has been found to be more complicated and 
to yield several fluorescent side products besides the main condensate (4-8). 
Although the structure of the main condensation product of ethylenediamine 
with adrenaline had been reported to be dihydro-3-hydroxy-1-methylpyrrolo- 
(4: 5-g]-quinoxaline (7), and that of catechol to be 1:2:3:4-tetrahydro-1:4: 
5:8-tetraaza-anthracene, the other main condensates have been unknown. 
Moreover, precise properties of these main condensates have not been 
reported. 

Considering the importance of this reaction in the fluorimetric deter- 
mination of catechol amines, the precise studies of the condensates of various 
catechol derivatives might be necessary. Thus, the separation of the con- 
densation products of various catechol derivatives by means of paper 
chromatography and paper electrophoresis and the examination of the 
physico-chemical properties of their main condensates were studied. ‘The 
preliminary notes had appeared (8, 9). 


MATERIALS 


The following preparations were used: t.-adrenaline, a product of Merck Co.; 
pi-noradrenaline, a product of Eastman Chemical Incorp.; 3,4-dihydroxy-pL-mandelic 
acid, kindly supplied by: Dr. M.D. Armstrong, the Fels Research Institute, Ohio; 
dopamine, kindly synthesized by Dr. T. Kametani, Tohoku University, Sendai; DL- 
dopa and catechol, commercial products. 
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When the sample of t-adrenaline was tested by paper chromatography using phenol 
containing 15 per cent (v/w) 0.1.N HCl as solvent (0) and coloured by potassium fer- 
ricyanide (JI), only one spot appeared. Only one peak was also observed by IRC-50 
column chromatography (12). Therefore, the presence of noradrenaline or of other 
catechol derivatives could be excluded. The purity of the other catechol derivatives was 
also checked by paper chromatography and by IRC-50 column chromatography, as de- 
scribed above. Each catechol derivative was dissolved into 0.01 N HCI. Ethylenediamine, 
or ethylenediamine monohydrate was redistilled. Ethylenediamine dihydrochloride solution 
(2 M) was prepared as reported by Weil-Malherbe et al. (2). 


METHODS 


Formation of the Condensation Products of Ethylenediamine with Catechol Derivatives—The 
procedure reported by Weil-Malherbe et al. (2) was re-examined. The essential 
feature of this method was as follows: the condensation is carried out by heating 10 ml. 
of the solution of catechol derivative with a mixture of 0.7 ml. ethylenediamine and 0.5 
ml. ethylenediamine dihydrochloride solution (2M) (pH of the mixture becomes 10.4) at 
50° for 20 min. 

The maximum fluorescence was obtained at pH 10.4 (Table I). 


Tas_Le [| 


Effect of pH of the Reaction Mixture on the Condensation 
of Adrenaline with Ethylenediamine 


= j 7 — = = ——~ 
pH” | 94 | 98 | 100 | 10.2 | 104 | 108 
| 


Fluorescence 


| | | | 
intensity (%) 65.0 | 75.0 82.0 98.0 100.0 95.0 


1) pH of the reaction mixture containing adrenaline and ethy- 
lenediamine was adjusted by the addition of HCl, and determined 
by glass-electrode pH meter. The reaction mixture was heated at 
50° for 20 min., and then extracted with iso-butanol. The fluores- 
cence intensity of iso-butanol layer was determined by a fluorimeter 
designed by Yagi et al. (/3). 


The volume of the mixture of ethylenediamine base and 2M dihydrochloride used 
in the reaction by Weil-Malherbe et al. (2) was found to be optimum. Although 
their condition of the reaction, at 50° for 20min., was enough for adrenaline, this con- 
dition was not sufficient for the other catechol derivatives. The stronger fluorescence 
could be obtained by the lower temperature and the longer time reaction, as already 
reported by Erne et al. (J4). Great loss of the fluorescence was observed with norad- 
renaline, 3,4-dihydroxymandelic acid, or catechol, when the reaction was carried out in 
day light, as already reported with noradrenaline by Goldfien e¢ al. (15). In the 
case of dopa, the fluorescence colour of the reaction mixture changed during the heating 
and the fluorescence spectrum became constant after 2 hours’ heating at 50° (16). 

After these preliminary experiments, the modifications were applied to the method 
as follows: To Syg. of each catechol derivative in 10ml. of water, 0.5ml. of 2M 
ethylenediamine dihydrochloride and 0.7 ml. of anhydrous ethylenediamine base (or 1 ml. 
of ethylenediamine hydrate) was added and heated in a water bath at 50° for 2 hours in 
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a dark. After cooling, the mixture was saturated with solid sodium chloride (4 g.) and 
extracted with 6ml. of iso-butanol for 4min. The butanol layer was separated by 
centrifugation. 

In order to concentrate the fluorescent derivatives, 5ml. of the iso-butanol extract 
were condensed under reduced pressure at about 30° in a dark and _ redissolved eit 
a small amount of water. In the case of dopa, the reaction mixture was heated at 50° 
for 2 hours, and the iso-butanol extraction was omitted, because dopa forms a derivative 
aed could not be extracted by iso-butanol from the alkaline solution (2). The reaction 
mixture was condensed to the adequate concentration for paper chromatography or for 
paper electrophoresis. 

Separation of the Condensation Products by Paper Chromatography—The strips of Whatman 
No. | filter paper (2.5x40cm.) were washed by ethylenediamine tetraacetate as described 
by Weil-Malherbe et al. (/7): the strips were steeped in 0.5N HCl (three changes) 
for 24 hours and washed in several changes of distilled water; they were then immersed 
in a solution of 0.1 per cent ethylenediamine tetraacetate for 24 hours, washed and air- 
dried. This procedure can be eliminated, when the solvents of group I were used. In 
this case, the condensate derived from ethylenediamine and filter paper moves to the 
front of the solvent and does not disturb the analysis as described in the results. 

The following solvents were used: 


Group I (1) 5% Na,HPO, - 12H,O 
(2) n-butanol-saturated phosphate buffer (pH 5.8, 0.05 M4) (6) 
Group II (3) methanol/conc. NH,OH (9/1, v/v) (28) 
(4) n-butanol/acetic acid (100/15, v/v) saturated with water (6) 
(5) the upper layer of n-butanol/ethanol/5% Na,HPO,-12H,O (50/25/30, 


v/v) (19) 

(6 be ie layer of n-butanol/methanol/5% Na,HPO,-12H,O (60/15/30, 
v/v) (1 

(oF hs Wie layer of n-propanol/n-butanol/5% Na,;HPO,-12H,O (50/15/30, 
v/v) (1. 


(8) n-butanol/acetone/iso-pentanol/water saturated with boric acid (50/20/5/ 
30, v/v) (19) 
(9) n-butanol/acetone/iso-propanol/water saturated with boric acid (50/15/15/ 
30, v/v) (19) 

The aqueous solution containing the condensation products corresponding to about 
0.3 wg. of each catechol derivative was placed on a filter paper strip of Whatman No. I, 
The paper strip was developed in a dark at about 20° either by ascending (in the case of 
the solvents of group I) or by descending method (in the case of the solvents of group 
II). The condensation products on the filter paper were examined under ultraviolet light 
of 365 my. 

Separation of the Condensation Products by Paper Electrophoresis—The aqueous solution con- 
taining the condensation product corresponding to about | yg. of each catechol derivative 
was placed on the anode side of a paper strip (Whatman No. 1, 2x32 cm.) moistened with 
phosphate buffer (pH 8.0, 0.05M), and 1mA/cm. (300-490 volts) of constant current 
was applied in a dark. After electrophoresis, the paper strip was examined under 
ultraviolet light. 

Absorption Spectrum and Fluorescence Spectrum of the Main Condensate of Each Catechol Deri- 
vative with Ethylenediamine—Larger amount of each catechol derivative was condensed with 
ethylenediamine as described above, and the main condensate was separated from the 
reaction mixture by paper chromatography using 5 per cent Na,HPO,:12H,O as mobile 
phase. The part of the paper strip containing the main condensate was detected under 
ultraviolet light and the condensate was extracted with water at 50° for 1 hour. Absorption 
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spectrum of this aqueous extract was measured by using the aqueous extract of the 
paper strip without catechol derivative as blank. 

The condensate was extracted with iso-butanol from the aqueous solution, and its 
fluorescence spectrum was measured. The main condensate of dopamine could be ex- 
tracted with iso-butanol after the aqueous extract was made alkaline with NaOH. For 
the estimation of the fluorescence spectrum of the main condensate of dopa, the reaction 
mixture after 2 hours’ heating at 50° was used. The fluorescence spectrum was measur- 
ed by the fluorospectrophotometer designed by Yagi et al. (20). 

pH-Fluorescence Curve of the Main Condensate of Each Catechol Derivative with Ethylene- 
diamine—Each main condensate was separated on the filter paper and was extracted with 
water as described above. This sample was dissolved in the buffers of different pH’s. 
The buffer was a mixture of equivolume of 0.1 Mf glycine, 0.14 Na,HPO,, 0.1M KH, 
PO,, and the pH was adjusted by adding 0.1 N NaOH or 0.1N HCl. For below pH 
1, or above pH 13, however, the aqueous solution of HCl or NaOH. was used. The 
relative fluorescence intensity of the solution at indicated pH, excited by ultraviolet light 
(365 my), was measured at about 20° by a fluorimeter designed by Yagi ef al. (13). 


RESULTS 


I, Separation of the Condensation Products by Paper Chromatography 


Adrenaline Condensates—When the sample containing the condensation 
products corresponding to about 0.3 wg. of adrenaline was chromatographed 
by using n-butanol/ethanol/5 per cent Na,HPO,-12H,O (50/25/30, v/v) as 
solvent, the following three fluorescent spots appeared: weak violet fluorescent 
spot at R; 0.32, yellow fluorescent spot at R; 0.48, and bluish-green fluo- 
rescent spot at Ry 0.71. 

The violet fluorescent spot at R; 0.32 was considered to be derived 
from the substance contained in the filter paper. The reasons are as follows: 
(i) this spot could also be observed in the case of the blank test without 
adrenaline; (11) ethylenediamine, when applied on the filter paper, formed 
a violet fluorescent spot which is easily extractable with hot water and has 
the same fluorescence spectrum as that of the extract from the spot at Ry 
0.32 (Fig. 1). So, this violet fluorescent spot was attributed to the substance 
produced by the reaction of ethylenediamine dissolved in zso-butanol with 
the substance contained in filter paper. When the solvents of group I 
were used, the violet fluorescent spot derived from ethylenediamine with 
filter paper was observed at the solvent front. 

The strongest yellow fluorescent spot, at Ry 0.48 was the main product 
which is specific for adrenaline. 

The bluish-green fluorescent spot at Ry; 0.71 was considered to be 
identical with the main spot of noradrenaline derivative as described below. 

Noradrenaline Condensates—When the sample, containing the condensation 
products corresponding to about 0.3 yg. of noradrenaline, was chromato- 
graphed by n-butanol/ethanol/5 per cent Na;HPO,:12H,O (50/25/30, v/v) 
as solvent, three spots were observed as follows: yellow fluorescent spot at 
R; 0.04; violet fluorescent spot at R; 0.32; and bluish-green fluorescent 
spot at R,; 0.71. 


CONDENSATION OF ETHYLENEDIAMINE WITH CATECHOL 443 


~ 100 
Be 
o 
2 80 
[<) 
oO 
n 
= 
x 60 
5 
— 
<7} 
SNE 
& 
< 
i) 
i> 
me 20 

0 

400 450 500 550 


WAVE-LENGTH ( my ) 


Fic. 1. Fluorescence spectrum of an aqueous solution of a su- 
bstance derived from the reaction of ethylenediamine with filter paper. 
The ordinate shows the relative intensity of the fluorescence. 


TABLE II 


Ry Values of the Main Condensates of Catechol 
Derivatives with Ethylenediamine 


adrenaline d | dihydroxy- | 
Catechols ain ot Pale ad | dopa dopamine | mandelic | catechol 
| : 
product \epLoGucre| re tal | _ “ge | 
Colour of Foy bluish-  bluish- | greenish- | yellowish-| bluish- | bluish- 
fluorescence 2 | green =:| green | . yellow | green | green | green 
Solvent 1 0.37 0.09 0.09 0.29 0.27 0.09 0.09 
2 0.52 OF20 Mant, 20s 9 O44 erioy VOSS 0.20 | 0.20 
3 OSG | Oy ay = acy! 0.07 | 0.09 ODT ee OLor 
4 | 0.37 | 0.64 0.64 0.01 001 064 ~ 0.64 
5 OAS <\7. O77 t  0.71 | - 0.02 ee OL05 0.71 0.71 
6 Vere Oss. (Os: tee | eS ce la 
7 0.46 Oar e ar NOM Mee = — | = 
8 Ors0 EY MS, Onan) eS) re _ -- 
9 0.46 — | O76e" | — — = — 
Solvent 5% Na,HPO,-12H,O 


2 
2: n-butanol-saturated phosphate buffer (pH 5.8, 0.05 4) 

3: methanol/conc. NH,OH (Q/1, v/v) 

4: n-butanol/acetic acid (100/15, v/v) saturated with water 

5: the upper layer of n-butanol/ethanol/5% Na,HPO,-12H,O (50/25/30, v/v) 

6: the upper layer of n-butanol/methanol/5% Na,HPO,: 12H,O (60/15/30, v/v) 
7: the upper layer of n-propanol/n-butanol/57% Na,HPO,-12H;O (50/15/30, v/v) 
8: n-butanol/acetone/iso-pentanol/water saturated with boric acid (50/20/5/30, 
v/v 

RE i ane ae tiocacsliniaier saturated with boric acid (50/15/15/30, 
v/v) 
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The strongest bluish-green fluorescent spot at Ry 0.71 was the main 
condensation product which was specific for noradrenaline. 

Condensates of the Other Catechol Derivatives—The iso-butanol extract of 
condensates of 3,4-dihydroxymandelic acid or dopamine gave one markedly 
fluorescent spot and other lesser fluorescent spot, whereas that of catechol 
gave only one spot fluoresced bluish-green. 

In the case of dopa, however, the iso-butanol extract of its condensate 
showed no fluorescent spot in paper chromatography, though the reaction 
mixture showed marked greenish-yellow fluorescent spot having the Ry value 
of 0.02, when developed by z-butanol/ethanol/5 per cent Na,HPO, - 12H;O 
(50/25/30, v/v). This fact showed that dopa formed its main condensate 
which could not be extracted by zso-butanol from the alkaline solution, or 
only to a slight extent, as reported by Weil-Malherbe et al. (2). 

The Ry value of the main condensate of each catechol derivative was 
shown in Table II. The main condensate of adrenaline, noradrenaline, 
dopamine and dopa had the different Ry values, whereas those of norad- 
renaline, dihydroxymandelic acid and catechol and the side product of 
adrenaline had the same R; value. 


IT. Separation of the Condensation Products by Paper Electrophoresis 


As shown in Table III, the main condensates of adrenaline, noradrena- 


Tasre III 


Mobilities of the Main Condensates of Catechol 
Derivatwes with Ethylenediamine 


The aqueous solution containing the condensation products 
corresponding to about | yg. of each catechol derivative was 
placed on the anode side of a paper strip (Whatman No. 1, 2x 
32cm.) moistened with phosphate buffer (pH 8.0, 0.05) and 1 
mA/cm. (300-400 volts) of constant current was applied in a 
dark. After 5 hours of electrophoresis, the paper strips were ex- 
amined under ultraviolet light. : 


Catechol derivatives . “Mobility are 
2 |- 

Fete cha (main product) | 6.5 

(side product) | Bi 
noradrenaline | 52 
dopa (without iso-butanol extraction) | 8.1” 
dopamine 5.8” 
3,4-dihydroxymandelic acid Son 
catechol Sa 


a) Tailing of the spot was observed. 


line, dopamine, and dopa could be separated by paper electrophoresis, but 
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the main condensates of noradrenaline, 3,4-dihydroxymandelic acid and 
catechol, and the side product of adrenaline which fluoresced bluish-green 
showed the same rate of mobility. 


Ill. The Physico-chemical Properties of the Main Condensates 
of Catechol Derivatives with Ethylenediamine 


Absorption Spectrum—The absorption spectra of aqueous extracts of the 
main condensates of noradrenaline, 3,4-dihydroxymandelic acid and catechol, 
and of the side condensate of adrenaline were identical each other and had 
Amax at 414my, as shown in Fig. 2, whereas those of the main condensation 
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Fic. 2. Absorption spectrum of an aqueous solution of 

the main condensation product of noradrenaline, 3,4-dihydroxy- 
mandelic acid or catechol with ethylenediamine. 


products of the other catechol derivatives were different eath other, having 
Amax as follows: adrenaline at 410 my, dopamine at 402 my, and dopa at 406 my. 

Fluorescence Spectrum—The fluorescence spectra of zso-butanol extracts of 
the main condensates of noradrenaline, 3,4-dihydroxymandelic acid and 
catechol, and that of the side product of adrenaline were identical each 
other and had a™max at 490my, as shown in Fig. 3, whereas those of the 
main condensation products of adrenaline and dopamine showed &max at 550 
my and 510my, respectively as shown in Fig. 4 and Fig. 5. In the case of 
dopa, the fluorescence spectrum of the reaction mixture of ethylenediamine 
with dopa became constant after 2 hours’ heating at 50°. The spectrum 
was shown in Fig. 6 (Amax at 555 my). 

The main condensation product of adrenaline was stable by the ultra- 
violet irradiation. But the main condensate of noradrenaline, 3,4-dihydro- 
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Fic. 3. Fluorescence spectrum of the main condensation product of norad- 
renaline, 3,4-dihydroxymandelic acid or catechol with ethylenediamine. Samples 
were dissolved in iso-butanol, and were excited by ultraviolet light (365my). The 
ordinate shows the relative intensity of the fluorescence. 
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Fic. 4. Fluorescence spectrum of the main condensation product of 
adrenaline with ethylenediamine. Sample was dissolved in iso-butanol, and 


was excited by ultraviolet light (365my). The ordinate shows the relative 
intensity of the fluorescence. 
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Fic. 5. Fluorescence spectrum of the main condensation product of 
dopamine with ethylenediamine. Sample was dissolved in iso-butanol, and 
was excited by ultraviolet light (365my). The ordinate shows the relative 
intensity of the fluorescence. 
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Fic. 6. Fluorescence spectrum of the condensation product of dopa 
with ethylenediamine. Fluorescence spectrum of the reaction mixture was 
taken after 2 hours’ heating at 50°. The ordinate shows the relative in- 
tensity of the fluorescence. 
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Fic. 7. pH-Fluorescence curve of the main condensation product of 
noradrenaline, 3,4-dihydroxymandelic acid or catechol, or of the side con- 
densation product of adrenaline. Each condensate was separated on the filter 
paper and was extracted with water. This sample was dissolved in the 
buffers of different pH’s. The buffer was a mixture of equivolume of 
0.1 M glycine, 0.1 M Na,HPO,, 0.1 M KH,PO,, and the pH was adjusted 
by adding 0.1 NV NaOH or 0.1N HCl. For below pH 1, or above pH 
13, the aqueous solution of HCl or NaOH was used. The relative fluore- 
scence intensity of the solution at indicated pH, excited by ultraviolet light 
(365 my), was measured at about 20°. The ordinate shows the relative 
intensity of the fluorescence. 
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Fic. 8. pH-Fluorescence curve of the main condensation pro- 
duct of adrenaline. The conditions for the estimation was the 
same as described in Fig. 7. The ordinate shows the relative 
intensity of the fluorescence. 
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xymandelic acid or catechol, and the side condensate of adrenaline could be 
easily photodecomposed by the ultraviolet irradiation. The main condensate 
of dopa or dopamine was also photodecomposed, but their degrees of 
decomposition were the same each other, and smaller than the above- 
mentioned substances. 

pH-Fluorescence Curves of the Main Condensation Products of Catechol Deriva- 
tives with Ethylenediamine—pH-Fluorescence curves of aqueous extracts of the 
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Fic. 9. pH-Fluorescence curve of the main condensation pro- 
duct of dopamine. The conditions for the estimation were the 
same as described in Fig. 7. The ordinate shows the relative 
intensity of the fluorescence. 
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pH 
Fic. 10. pH-Fluorescence curve of the main condensation 
product of dopa. The conditions for the estimation were the same 
as those described in Fig. 7. The ordinate shows the relative 
intensity of the fluorescence. 


main condensation product of noradrenaline, 3,4-dihydroxymandelic acid 
or catechol, and of the side condensation product of adrenline were iden- 
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tical, as shown in Fig. 7, whereas those of the main condensation products 
of adrenaline, dopamine, and dopa were different each one another as 
shown in Fig. 8, Fig. 9, and Fig. 10. 


DISCUSSION 


It was found that the main condensates of ethylenediamine with various 
catechol derivatives could be analyzed by paper chromatography or by 
paper electrophoresis. When the adrenaline condensate was tested, two 
fluorescent spots were observed besides the main condensate. One of them 
was attributed to the substance produced by the reaction of ethylenediamine 
dissolved in iso-butanol with the substance contained in filter paper. Another 
bluish-green fluorescent spot was found to have the same Ry value as that 
of the main condensate of noradrenaline. Their mobilities in paper elec- 
trophoresis were identical. The physico-chemical properties of both substances 
also agreed. These results confirm the identity of the substance appeared 
in adrenaline condensate and the main condensate of noradrenaline (9). 

Consequently, it should be noted that adrenaline gives the main con- 
densate of noradrenaline during the condensation reaction with ethylene- 
diamine as its side product. 

Further studies carried out in the same way confirmed the identity of 
the four bluish-green fluorescent substances: the main condensates of 
noradrenaline, of 3,4-dihydroxymandelic acid, and of catechol, and the side 
product of adrenaline. So, it was supposed that the side chain of noradre- 
naline, or of 3,4-dihydroxymandelic acid might be severely destructed 
during the condensation reaction and form the same condensation product 
with that of ethylenediamine and catechol. Thus the chemical structure 
of the main condensation product of noradrenaline or 3,4-dihydroxymandelic 
acid is considered to be the same as that of-catechol, which had been 
determined to be 1:2:3:4-tetrahydro-1:4:5:8-tetraaza-anthracene by 
Harley-Mason ¢ al. (7). These facts suggest that the $-hydroxy group 
in the side chain might have some relation with the destruction of the side 
chain during the condensation. Moreover, considering the chemical structure 
of the main condensation product of adrenaline, dihydro-3-hydroxy-l- 
methylpyrrolo-(4: 5-g)-quinoxaline (7), the conjunction of methyl group was 
supposed to have some protective effect on the destruction of the side 
chain during the condensation reaction. 

The fact that these catechol derivatives mentioned above give the same 
condensation product should be noted for the specificity of ethylenediamine 
method in the fluorimetric determination of catechol derivatives in bio- 
logical materials. Namely, if 3,4-dihydroxymandelic acid or catechol is 
present in the sample, usual ethylenediamine method for the separation 
determination of adrenaline and noradrenaline gives high value for norad- 
renaline, 


This case was realized in the recent experiment (2/7). When. the 
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metabolites of t-adrenaline by rat liver mitochondria were analyzed by the 
use of paper chromatographic separation of the ethylenediamine condensates 
of the metabolites after alumina purification, the bluish-green fluorescent 
spot at R; 0.09 (by solvent 1) was greatly increased comparing with the 
control. This increase was found to be greater than that expected from 
the noradrenaline formation in the experiment reported before (22). On 
the other hand, both noradrenaline and 3,4-dihydroxymandelic acid were 
detected in the metabolite by IRC-50 column chromatography (23). So, the 
increase of the fluorescence of the spot was attributed to the formation of 
both noradrenaline and 3,4-dihydroxymandelic acid. 


Finally, among the results reported in the present paper, the following 
two facts must be remarked: (i) during the condensation reaction with 
ethylenediamine, adrenaline gives the main condensate of noradrenaline as 
its side product, (11) the main condensate of noradrenaline was identified 
with that of 3,4-dihydroxymandelic acid or catechol. 

Taking these remarks into consideration, ethylenediamine method 
together with the paper chromatographic or paper electrophoretic techniques, 
could be successfully applied to various materials which contain very small 
amount of catechol or its derivatives (0.1-0.5 yg.). 


SUMMARY 


1. The condensation products of ethylenediamine with various catechol 
derivatives were studied. The main condensates of adrenaline, noradrenaline, 
dopamine and dopa could be separated by papar chromatography or by 
paper electrophoresis. Absorption and fluorescence spectra and pH-fluore- 
scence curves of these substances were different each other. These properties 
can be used for identification of catechol derivatives. 

2. During the condensation reaction with ethylenediamine, adrenaline 
gives the main condensation product of noradrenaline and ethylenediamine 
as its side product. 

3. The main condensate of noradrenaline was found to be identical 
with that of 3,4-dihydroxymandelic acid or catechol. This might be im- 
portant to consider the specificity of ethylenediamine method in the fluori- 
metric determination of catechol derivatives of biological importance. 


Authors’ thanks are due to Dr. M.D. Armstrong, the Fels Research Institute, 
Ohio, who kindly supplied 3,4-dihydroxymandelic acid, and to Dr. T. Kametani, 
Tohoku University, Sendai, who kindly synthesized dopamine. 


REFERENCES 


(1) Natelson, S., Lugovoy, J.K., and Pincus, J.B., Arch. Biochem. Biophys., 23, 157 
(1949) 

(2) Weil-Malherbe, -H., and Bone, A.D., Biochem. J., 51, 311 (1952) 

(3) Weil-Malherbe, H., and Bone, A. D., Lancet, 264, 974 (1953) 

(4) Burn, G.P., and Field, E.O., Nature, 178, 542 (1956) 


452 K. YAGI AND T. NAGATSU 


(5) Elliman, G.L., Nature, 181, 768 (1958) 

(6) Nadeau, G., and Joly, L.P., Nature, 182, 180 (1958) 

(7) Harley-Mason, J., and Laird, A.H., Biochem. J., 69, 59 p (1958) 

(8) Yagi, K., and Nagatsu, T., Nature, 183, 822 (1959) 

(9) Yagi, K., Nagatsu, T., and Nagatsu, I., Nature, 186, 310 (1960) 

(10) Vogt, M., Brit. J. Pharmacol., 7, 325 (1952) 

(11) James, W.O., and Kilbey, N., Nature, 166, 67 (1950) 

(72) Kirshner, N., and Goodall, M., J. Biol. Chem., 226, 207 (1957) 

(13) Yagi, K., and Arakawa, T., Vitamins (Kyoto), 6, 523 (1953) 

(14) Erne, K., and Canback, T., J. Pharmac. Pharmacol., 7, 248 (1955) 

(15) Goldfien, A., and Karter, R., Science, 127, 1292 (1958) 

(16) Yagi, K., Nagatsu, T., and Nagatsu-Ishibashi, I., J Biochem., (in the press) 
(17) Weil-Malherbe, H., and Bone, A. D., Biochem. J., 58, 132 (1954) 

(18) Gray, I., and Young, J.G., Clin. Chem., 3, 239 (1957) 

(19) Yagi, K., Kondo, H., and Sumi, M., J. Japan. Biochem. Soc., 27, 777 (1956) 
(20) Yagi, K., Tabata, T., Kotaki, E., and Arakawa, T., Vitamins (Kyoto), 7, 878 
(1954) 

(21) Nagatsu, T., J. Japan. Biochem. Soc., 31, 782 (1959) 

(22) Yagi, K., and Nagatsu, T., Nature, 184, 1316 (1959) 

(23) Nagatsu, T., and Yagi, K., J. Biochem., (in the press) 


The Journal of Biochemistry, Vol. 48, No.3, 1960 


A PROTEOLYTIC ENZYME OF STREPTOMYCES GRISEUS 


V. PROTECTIVE EFFECT OF CALCIUM ION ON THE STABILITY 
OF PROTEASE* 


By MASAO NOMOTO, YOSHIKO NARAHASHI 
AnD MITSURU MURAKAMI 


(From the Institute of Physical and Chemical Research, Tokyo) 


(Received for publication, May 26, 1960) 


Like the well known case of trypsin (J, 2), it has been recently reported 
that a few kinds of bacterial proteinase are protected from inactivation by 
the presence of a small amount of metal ion such as calcium, sodium, zinc, 
etc. (3-8). 

The present authors also found that Streptomyces griseus protease prepara- 
tion prepared by Duolite S-30 (a non-ion-exchange resin) column treatment 
showed a remarkable loss of enzyme activity following a salting out 
procedure with ammonium sulfate. Such a strange phenomenon has never 
been observed in the previously reported purification process of this enzyme 
(9, 10) in which a cation exchange resin, eg., Kaken C-1 (SP-3) or Duolite 
C-10, was used for resin column treatment instead of Duolite S-30. Consider- 
ing that this anomaly may be caused by a deficiency of metal ion in the 
enzyme preparation, the present authors substantiated the above remarks 
by the following experiments which confirmed that the above inactivation 
of the enzyme was completely prevented by the presence of a small amount 
of calcium ion in the enzyme solution. The authors also found that the 
protease was fairly unstable and readily inactivated by dialysis, ion-exchange 
resin column treatment or heating under a condition in which calcium ion 
was deficient in the enzyme solution. The protease was also inactivated ir- 
reversiblly by mixing it with EDTA. Calcium ion seems to be an essential 
factor for stabilizing Streptomyces griseus protease. The other metal ions, 
excepting strontium ion, were incapable of serving as a protective factor. 


MATERIALS AND METHOSD 


Enzyme—The protease preparation mainly used for the present work was prepared 
by the method shown in Scheme I. This method is almost the same as that previously 
reported (J0) with one important exception that Duolite S-30 (a non-ion-exchange resin) 
is newly adopted in the second resin column treatment instead of Kaken C-1 (SP-3) (an 
ion-exchange resin) which was used in the previous method (9, 10). In the case in 


* A large part of the data was published in Japanese in the Reports of the Institute 
of Physical and Chemical Research, 35, 90, (1959). 
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which the non-ion-exchange resin is used for resin column treatment, the protease is 
the only adsorbate on the column but not metal ions. Therefore, the resulting enzyme 
solution obtained by eluting the enzyme from the column contains a very small amount 
of calcium ion and the lyophilized enzyme preparation prepared from the above enzyme 
solution is also in the state of deficiency of calcium ion. The Kaken Phenol-type resin 
(a non-ion-exchange resin) is also available for preparing the calcium deficient enzyme 
solution. In the case in which ion-exchange resin (e. g., Kaken C-l (SP-3) or Duolite 
C-10) is employed for the column treatment, calcium ion is adsorbed on and eluted 
from the column together with the protease and accordingly the resulting enzyme 
solution contains sufficient amounts of calcium ion to prevent the inactivation of the 
enzyme. 


ScHEME I 


Method for Preparing Calcium-deficient Preparation of Streptomyces 
griseus Protease 


Preparation Purification process 


Culture broth filtrate 


| 


| Adsorptive exclusion of streptomycin and coloring matter 


by resin column treatment with Kaken C-1 (SP-7) resin 


Effluent from Kaken 
C-1 (SP-7) resin column 


Adsorption and elution of enzyme by resin column treat- 


ment with Duolite S-30 resin 


Eluate from Duolite 
S-30 resin column 


Fractional precipitation with acetone (50-66 per cent of 


acetone concentration) 
Acetone precipitate 


Dissolve in distilled water, and lyophilized 


Lyophilized preparation 


(calcium deficient preparation) 


For the experiments of inactivation of the protease by dialysis or EDTA treatment, 
the highly purified lyophilized enzyme preparation prepared by the previously reported 
method (//) was used. 

Assay—The proteinase activity was measured by the casein-Folin color method 
. described in the preceding paper (9). The activity assayed by this method represents 
the reaction volocity producing a trichloroacetic acid soluble digestion product from 
casein and is indicated by PU values as previously described (9). 

Nitrogen concentration was also determined by the previously reported method (9) 
and is represented by the PN values. 

Preparation of Resin—Na-form resin: Kaken C-1 (SP-3) or Duolite C-10 was adopted 
for the present purpose. After washing the resin (60-80mesh) several times with N/2 
NaOH, water, N/2 HCl and water alternately, the resin is suspended in ten volumes 
of N/2 NaOH and kept in it for 24 hours. The resin is then transferred into a column 
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and washed by passing five volumes of N/2 NaOH followed by distilled water through 
the column until the pH of the effluent becomes neutral. 

Ca-form resin: After suspending the above mentioned Na-form resin in ten volumes 
of M/2 CaCl, solution overnight, the resulting resin was transferred into a column and 
washed by passing M/2 CaCl, solution followed by a small amount of distilled water 
through the column. 

Buffered-form resin: After suspending the above Na-form resin in ten volumes of 
M/\5 sodium phosphate buffer (pH 6.0) overnight, the resulting resin was transferred 
into a column and washed by passing five volumes of the same buffer through the 
column. 

Resin Column Treatment—Each 3g. of resin prepared as above was put into a column, 
12mm. in diameter. Through the column, about 50ml. of the enzyme solution was 
passed at the rate of 0.3ml. per minute. Adsorption capacity of the resin was calculated 
as the difference in the total activity between the original enzyme solution and the 
effuent. After washing the column with a small amount of distilled water so as to 
drive out the remaining enzyme solution, the enzyme adsorbed on the column was then 
eluted by passing 50ml. of M/2 sodium borate buffer (pH9.2, containing M/2 KCl) 
through the column at the rate of 0.15ml. per minute. The effluent was immediately 
neutralized and assayed. 


RESULTS AND DISCUSSION 


Protective Effect of Calcium Ion in Salting Out Procedure—The calcium deficient 
protease preparation prepared as described in Scheme I. was dissolved in 
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Fic. 1. Protective effect of calcium ion in salting 
out procedure. ile 

The enzyme solution containing 233 x 10-* PU/ml. 
of proteinase activity was mixed with various amounts 
of ammonium sulfate and the mixture was kept at 
room temperature for 3 hours. ‘oh 

(A), (B) indicate proteinase activity and (a), (b) 
indicate protein-N content in the resulting precipl- 
tate. In the case of (B), (b) 0.01 4 CaCl, is present 
in the original enzyme solution but not in the case 


of (A), (a). 


456. M. NOMOTO, Y. NARAHASHI AND M. MURAKAMI 


distilled water and mixed with ammonium sulfate at a gradient concentra- 
tion of the salt. As shown in Fig. 1, the yield of the enzyme activity in 
the resulting precipitates reaches a plateau of 30-40 per cent recovery as 
compared with the original activity (Curve-A), whereas the yield of the 
Protein-N in the same precipitates comes up to 60 per cent or more (Curve- 
a). This apparently shows that inactivation of the enzyme is invited by 
the salting out procedure. On the other hand, when a small amount of 
calcium salt is previously added in the enzyme solution before the salting 
out procedure, more than 90 per cent of the enzyme activity and about 60 
per cent of the protein-N are recovered in the resulting precipitates obtained 
at a higher concentration of ammonium sulfate (Curve-B and b, respectively). 
This shows a fair protective effect of calcium ion on the stability of the 
protease activity. 


TABLE I 


Influence of Calcium Ion Concentration in Salting Out Procedure 


Concentration of Proteinase activity | Yield 
calcium ion added contained in the precipitate | s 
(M) (PU) fe a)) 
0.1 996.5 x 10-3 108 
0.04 97228" 3. 100 *: 
0.02 COS) 55 | 103 
0.01 | 903.7 ,, | 298 
| 


1) To the enzyme solution containing 969.8 x 10-3 PU 
of proteinase activity, 40g./dl. of ammonium sulfate was 
added and the mixture was kept at room temperature 
for 2 hours. 


TABLE II 
Protective Effects of Various Metal Ions in Salting Out Procedure 


Kind of metal | Concentration | Proteinase activity contained | Yield 
ion added | (mM) cee (Puy Ps (%) 
Na(CH,COO) _ tamed 201.0 x 10-8 85 
Ca(CH,COO), | 0.1 | 223.7 ,, | 94 
Zn(CH,COO), | 0.1 | 122.5 ,, | 52 
SrCl, | 0.1 227.5 ,, 96 


1) To the enzyme solution containing 237.0x 10-3 PU of protein- 
ase activity and 0.1M of metal ion, 40g./dl. of ammonium sulfate 
was added and the mixture was kept at 4° for | hour. 
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The effective concentration of calcium ion seems to be more than 0.01 
M (Table I). Strontium ion was also proved to be effective but not sodium 
ion or zinc ion (Table II). 

Protective Effect of Calcium Ion in Dialysis—A highly purified protease 
preparation was dissolved in 0.01 calcium acetate solution. Each 1 ml. 
of the enzyme solution was put in a small cellophane tube and dialyzed 
against distilled water or several kinds of salt solution for 24 hours at 4° 
and at 20°. After the dialysis, the residual enzyme activities in the tubes 
were compared with each other in order to examine the protective effect 
of mineral ion during dialysis. As shown in Table III, it is apparent that 
calcium ion is remarkably effective but not the other metal ions such as 
sodium, potassium, ammonium, magnesium, zinc, barium, etc. 


Tase III 

Protective Effect of Various Metal Ions in Dialysis? 
Temperature | Outside solution Residual proteinase | Yield 
in dialysis used for dialysis activity (PU) | (%) 
4° distilled water 76.5X 1078 | 35 
0.01 44 Ca(CH;COO), ING53 a, | 99 
distilled water 2s {is Gat 
| well water 156i ss WR 
| 0.02. M NaCl | 92.8 ,, 43 
0.02 4 Na(CH;COO) OO 5. 46 
0.02 M KCl | 82.0 _,, | 38 
| 0.02. M NH,Cl ise 2 past 
20° 0.01 M CaCl, | 163.0 ,, 75 
0.01M Ca(CH,COO),| —162.5._,, 74 
0.01 M MgCl, | We ee | 24 
| 0.01 M ZnCl, | CEES) 95 44 
0.01 M BaCl, | 41.5 55 eo 
| 0.01 4 MnCl, | TUS op 36 
= 0.0Laf CoCl, | 26.2 ,, 12 


1) The enzyme solution containing 218.3x10-3PU of 
enzyme activity was dialyzed against various solutions for 24 
hours at 4° and at 20°. 


Protective Effect of Calcium Ton in Heating—The protease was also found 
to be protected from heat inactivation by the presence of calcium ion. As 
shown in Fig. 2, when the calcium deficient enzyme solution is heated at 
60° for 10-20 minutes, 70-80 per cent of the proteinase activity contained 
in the original enzyme solution is ‘destroyed by heating. On the other 
hand, when a small amount of calcium ion is previously added to the 
above solution, the inactivation of the enzyme is no more than 20-30 per 
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cent. Strontium ion also proved to be effective, but not sodium ion or 
magnesium ion. 


rN fon) @ 3 
ro) ro} ro) ro) 


RESIDUAL PROTEINASE ACTIVITY (%) 
nm 
Lo} 


TIME ( minutes ) 


Fic. 2. Influence of various metal ions 
upon the heat-stability of Streptomyces griseus 
protease. 

The enzyme solution containing 0.95x 
10-4 PU/ml. of proteinase activity was heated 
at 60° for 10-20 minutes. 

In the case of (A) 0.01 4 CaCl,, (B) 0.01 
M SrClz, (C) 0.01 M MgCl, (D) 0.01 M@ NaCl 
was added into the enzyme solution but not 
in the case of (E), which is the control. 


Protective Effect of Calcium Ion in Ion Exchange Resin Column Treatment— 
When the calcium deficient enzyme solution prepared by Duolite S-30 resin 
column treatment was treated once more by Kaken C-1 (SP-3) or Duolite 
C-10 resin buffered at pH 6.0, a marked inactivation of the protease was 
observed. That is, as shown in Table IV, the protein-N adsorbed on the 
ion-exchange resin column is recovered almost completely in the eluate but 
not the proteinase activity. On the other hand, when a small amount of 
calcium ion is previously added to the enzyme solution before charged into 
the ion-exchange resin column, a good yield of the enzyme activity is de- 
tected in the eluate showing the fair protective effect of calcium ion in the 
resin column treatment. The effective concentration of calcium ion was 
found to be more than 0.01. 

On the basis of the data that almost all members of the functional 
group of the above resins buffered at pH 6.0 are present in a state of Na- 
form and that the velocity of exchange reaction of sodium ion for calcium 
ion is extremely rapid, the authors considered that the ion-exchange resins 
prepared at Ca-form should be also available without the previous addition 
of calcium ion into the enzyme solution. As shown in Table V, a good 
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yield of the enzyme activity resulted by the use of the Ca-form resin with- 
out previous addition of calcium ion into the enzyme solution but not by 
the use of the Na-form resin, as was expected. 

The above information seems to indicate that calcium ion is not only 
the stabilizing factor of the protease but also the medium of enzyme-resin 
complex formation on the resin column treatment. On the hypothesis that 
calcium ion acts as a special medium, a model of enzyme-resin complex 
formation is presented in Fig. 3. 


(A) In the case of Ca-ion (B) In the case of Ca-ion 
is deficient in the enzyme so- is present in the enzyme so- 
lution and Na-form resin is lution or Ca-form resin is 
used. used. 

= Na ie =}Ca e 

2 a 3 

ce + OH &, = +0H 

LY 


Resin 


[sortion =l@® 
OH 


= ta) ) |atsortion = 
@o wo 
o + QH-- a 


Ca) 
luti a luti 
[ ution “Kao 0H | U 6 


5 Ca) sfCa 
< +OH ec OH 
Eluate Eluate 
iS Na <fNa 
© +0H & LOH 


Frc. 3. A model of enzyme-resin complex formation in resin 
column treatment in the presence of, and in the absence of cal- 


Resin 


cium ion. 
©-——Enzyme protein (native form) 
@— Enzyme protein (denatured form) 


Inactivation of the Protease by Addition of EDTA—The protease was found 
to be inactivated irreversiblly by mixing it with EDTA (Fig. 4). It seems 
that an active configuration of the protease can be maintained and the 
denaturation of the enzyme protein can be prevented by combining the 
enzyme with calcium ion. 
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Fic. 4. Inactivation of Streptomyces griseus 
protease by addition of EDTA. 

The enzyme solution containing 4.0 x 1073 
PU/ml. of proteinase activity was mixed with 
5x 10-4M of EDTA and the mixtures was kept 
at 4°. 

In the case of (B) 103M of calcium ion 
was added into the mixture after 10 minutes 
reaction but not in the case of (A). 


SUMMARY 


Calcium ion acts as an essential factor for stabilizing Strepimyces griseus 
protease. Under conditions in which calcium ion is deficient, the enzyme 
was readily inactivated by the procedures of dialysis, salting out, ion-exchange 
resin column treatment, or heating. It was found, however, that the enzyme 
was highly protected from inactivation by the presence of a small amount 
of calcium ion during the above mentioned procedures. The enzyme was 
also inactivated irreversiblly by mixing it with EDTA. It seems that the 
active configuration of the enzyme can be maintained and denaturation 
prevented by combining the enzyme with calcium ion. Strontium ion also 
proved capable of serving as a protective ion, but not other metal ions. 

In connection with the above investigations, it was found that the enzyme 
was adsorbed on and eluted from the cation exchange resin column in which 
the functional group of resin was prepared in the state of calcium form, in 
a good yield. This information seems to indicate that calcium ion is not 
only the stabilizing factor of the enzyme but also the medium of enzyme- 
resin complex formation in resin column treatment. 


The authors wish to express their thanks to Dr.T, Akahira, Dr.M. Yanagita, 
Prof.K.Sakaguchi, Prof.S.Akabori, and Prof.K.Okunuki for their kind gui- 
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preparation of enzyme, and to Mr. H. Kawabe for his helpful suggestions on resin. 
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CHROMATOGRAPHIC STUDIES ON IODINATED 
BOVINE PLASMA ALBUMIN : 


By MASARU SOGAMI, SHIGEJI TAKEMOTO 
anpD MASATERU KAWASAKI 
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The iodinated albumin has been extensively used for the studies of 
albumin metabolism and immunochemical reaction. However, there was no 
investigation on the reactivity of iodine with albumin subfractions except 
by Fahey (J, 2). The authors studied the reactivity of iodine with Armour’s 
bovine plasma albumin subfractions with the aid of hydroxylapatite column, 
radioactive iodine (I!) and paperchromatography. 

The radioiodinated bovine plasma albumin was prepared by the follow- 
ing procedure (3-6). An aliquots of 4.40 ml. of carrier free iodide contain- 
ing Imc. of Na I!! was added to 0.40 ml. of 0.039 NV iodine in 0.05 M KI. 
Three tenth per cent bovine plasma albumin solution was prepared by 
using various buffer solutions, such as, 0.1 44 of sodium phosphate buffer 
pH 7.50, 0.05 M borate buffer, pH 7.68, 8.89 and 0.05 M bicarbonate buffer, 
pH 9.65 and 10.65. The protein solution and iodinating reagent were im- 
mersed in ice-water. Iodinating reagent was added dropwise with stirring 
to bovine plasma albumin solution and the mixture was kept in ice-water 
for 60 minutes with (method A) or without stirring (method B). Thereafter, 
excess sodium thiosulfate was added and the albumin solution was dialysed 
for 48 hours at 3° with several changes of distilled water. For chromato- 
graphic analysis, pH of the dialysed solution was adjusted to 6.80 by 0.02 4 
sodium phosphate buffer. ‘The bound iodine was measured as follows. 
Precipitates were produced by adding 5.0 ml. of 10 per cent TCA to 2.0 ml. 
of protein solution, while 2.0ml. of 0.5 per cent bovine plasma albumin 
solution was added as carrier prior to the precipitation. The precititates 
were washed twice with 5 per cent TCA and then dissolved in dilute sodium 
hydroxide solution and their radioactivity was measured by using G.M. 
counter (4). Assuming a molecular weight of 65,000 for bovine plasma 
albumin, number of moles of iodine atom per mole of protein was calculat- 
ed. Enzymic hydrolysis of iodinated albumin and paperchromatography 
(solvent ; n-butanol: acetic acid: water, 78:5: 17 by volume ratio) of iodinated 
amino acids were carried out according to Roches’ report (7). Column 
chromatography was carried out at room temperature by using hydroxyl- 
apatite column (1.5cm.x12cm.) which was developed by Tiselius (8). 
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The present authors used very coarse hydroxylapatite which was prepared 
by the authors’ method (2). The elution rate was about 30~35 ml. per hour 
and the effluent was fractionated into 3.5 ml. fraction by fraction collector. 
Three subfractions were obtained by successive elution with 0.07 M, 0.11 M 
0.40 M of sodium phosphate buffer, pH 6.8, respectively. The protein con- 
tent was analysed by the extinction at 280 my in I cm. cell in Beckman DU 
spectrophotometer. I'*! was measured by G.M. counter after drying 2.0 ml. 
of each fraction at 50° to uniform film. 

In the case of Fig. 1, iodination was carried out by method A at pH 


pH 7.5 

68 % 
% 
50 

24% 

8% 

SS eS ee eee 
| 2 & 


moles of bound iodine per mole of albumine 


| 2 $ 


Fic. 1. The upper diagram shows the percentages of three 
subfractions eluted with 0.07 Mf (C)), 0.11 M (@) and 0.41 4 (@) 
of sodium phosphate buffer, pH 6.8, against numbers of bound 
iodine (numbers of moles of iodine atom per mole of bovine plasma 
albumin). The percentages of three subfractions of uniodinated 
albumin are 67, 25 and 8 per cent, respectively. The lower 
diagram shows the percentages of bound I'*! of three subfractions 
against numbers of bound iodine. 


7.5 (0.1 M sodium phosphate buffer). Column chromatograms of iodinated 
albumin were consistent with those of untreated albumin (ratio of three 
subfractions of untreated albumin, 67:25:8). Also, there was no difference 
in percentages of bound I'*! of three subfractions among iodinated albumins. 
Therefore, chromatographic behavior of radioiodinated albumin did not 
differ from that of albumin with hydroxylapatite column. These results 
were inconsistent with those of Fahey obtained with DEAH-cellulose (J, 2)*. 

comelihie chromatographic analysis of iodinated albumins illustrated in Fig. 1 and in 
the upper part of Fig. 2 was carried out by using DEAE-cellulose column (1.5cm x 1.6 
cm, 0.6m equivalents per dry gram of adsorbent, continuous gradient elution (/, 2)). 
The results were almost similar to those of hydroxylapatite column. DEAE-cellulose was 


kindly prepared by Dr. S. lwanaga (Department of Medicine, Faculty of Medicine, 
Kyoto University). Finer results will be published in this journal. 
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When iodination was carried out at pH 9.65 or 10.65 by method B, the 
greatest radioactivity was found in the second subfraction eluted by 0.11 M 
sodium phosphate buffer, pH 6.8 as shown in the upper part of Fig. 2*. 
The bound ratio-iodine could not be extracted by n-butanol saturated with 
0.1 N HCl. The high reactivity of second subfraction may be attributable 
to a specific molecular structure of the protein in the second subfraction as 
in the cases of its reactivity with t-thyroxine (JO) as well as its heat 
stability (77). When iodination was carried out by method A, no such dif- 
ference in radioactivity was observed among three subfractions as shown in 
the lower part of Fig. 2. The mechanism by which the great difference 


pH 10.65 


TUBE NUMBER 


Fic. 2. The left and right ordinates show protein content 
(©) and radioactivity (@), respectively. The abscissa shows tube 
numbers of fraction collector. The upper and lower diagrams show 
the results obtained at pH 10,65 by methods B and A, respectively. 
The first, second and third arrows indicate 0.07 M, 0.11 M@ and 
0.40 M of sodium phosphate buffer, pH 6.8, respectively. 


appears between samples prepared by methods A and B at pH 9.65 and 
10.65, will be not clear until more information is available on the iodination 
reaction. 

It was found by paperchromatographic analysis, that upon enzymic 
hydrolysis, most of the bound iodine (I'*1) of iodinated albumin illustrated 
in Fig. 1 was found in tyrosyl residues as monoiodotyrosine and a smaller 
amount of iodine in thyronine derivatives and diiodotyrosine. On the other 
hand, it was found that most of the bound iodine (I'*!) of iodinated albumin 


* See the footnote in the page 465. 
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illustrated in the upper part of Fig. 2 was found in thryonine derivatives, 
diiodotyrosine and monoidotyrosine. 
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